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BBEJAEHUE

Ceepxtonkue B3aumoaeiicteus (CTB) — »3To B3auMOJEHCTBUS  sIEpHOM
MOJICUCTEMBI C 3JIEKTPOHHOM TOJICUCTEMON B KOHICHCUPOBAHHBIX CPENAX.

OkcnepuMmenTasibHas  peructpaiuss CTB u u3ydeHHe  CBEPXTOHKHX
B3aMMOJICUCTBUM B TBEP/BIX TEJIaX MPOU3BOAMUTCS C MOMOIIBIO SAEPHO-(PU3HUECKUX
MetonoB. K simepHO-GU3MUecKUM METoJlaM OTHOCSTCS SIJIEPHBIM TaMMa-pe30HaHC
(TP, uwmu »ddext Meccbayspa), saepHbI MarHUTHBIA pe3oHaHc (SIMP),
AIIEKTPOHHBIA MapamMarHUTHbI pe3oHaHc (DIIP), spepHbI  KBaapyMOJbHBIN
pezonanc (SAKP), merong Bo3MymieHHbIX yriaoBbix koppemsiimii (BYK), meron
ANIEKTPOH-TIO3UTPOHHON aHHurwsiiuu (DI1A), meton opueHTupoBaHHbIX sizep (O5)
u pan apyrux. Meronapl u3ydeHuss CTB ABISIFOTCS TOCTOBEPHBIMH HMCTOYHHUKAMHU
nH(}OpMALIMK O CIACAYIOIIUX XapaKTEPUCTUKAX TBEPABIX TE:
CIIMHOBASI U AJIEKTPOHHAS INIOTHOCTH B TBEPABIX TEJAX;
JIOKAJIbBHOE OKPYKEHUE SEP-30H10B;
JTUHAMUKA KPUCTAIUIMYECKON PEILIETKY;

CTPYKTYpHBIE U (ha30BbIE MPEBpAIlCHUs B KOHACHCUPOBAHHBIX Cpeax;

*® & & o o

muhy3uoHHBIE W MUTPAIMOHHBIE TIPOLECCHI B  YCIOBUSIX BHEIIHHUX
BO3/IeHicTBUI (00Ty4eHHE, KOPPO3Us, JaBJICHUE U T. 11.);

¢ MAarHuTHbIE SIBJIEHUS B TBEPAbIX TeJax.

SnepHo-pusnyeckue METOJbl HAXOAST IIUPOKOE NPUMEHEHHUE B SACPHOU

TEXHUKE U SJIEPHOMN TEXHOJIOTUHU B TAKUX 00JIACTAX KaK:

e SInepHble TEXHOJIOTUU B SHEPTETUKE

e PeakTopHOE MaTepHanoBeICHNE

e SnepHas MeauIIMHA U sifiepHast OMOJIOTHS

e DKOJIOTHS SAAECPHBIX TEXHOJIOTUH U SAIEPHOTO TOILUIMBHOTO LIUKJIA

e MeHemKMEHT B cdepe SAepPHBIX TEXHOIOTHI

DKcnepuMeHTallbHble MeTobl peructpanmu CTB, B yacTHOCTU AIepHBIA ramma-
PE30HaHC, MMPOKO MPUMEHSIOTCS TMPU PEUICHUU MHOTHX TPo0JieM U 3a/1ay (PU3HUKU
TBEPJIOTO TeNa U (PU3NIECKOTO MATEPHATIOBEICHHSI, TIPOOJIEM (PU3UKH PaTHaIlIOHHBIX

HOBpC)KI[@HHfI N pCaKTOPHOI'O MaTCPUATIOBCACHU .



3HAYUTENbHBIA HAay4YHBIM M MPUKIATHOM HMHTEpec BbI3biBaeT u3ydeHune CTB B
KOHCTPYKIIMOHHBIX MaTepuanax sIepHOW DSHEPreTMKM B CBs3M C MpoOieMoii
IIOBBIICHNS] PAUALMOHHON M KOPPO3MOHHOM CTOMKOCTH MaT€pUaNIOB, TAKMX Kak
CIUIaBbl IIMPKOHMSA, BaHAIMs, XKejie3a M HUKENs, ayCTCHUTHbIE U (eppuTHHIC
KOPPO3HOHHO-CTOMKHUE CTaJIN, KEPAMUYECKHE U HEOPTAHUYECKUE MAaTEPUAIIbI.

Peructpaiuss CTB B 00my4eHHbIX  Marepuaigax 3a CYET  BBICOKOMU
YYBCTBUTEIILHOCTH K JIOKAJIBHOMY OJIMDKaillieMy OKPYXEHHIO  SAep-30H]IOB
HO3BOJIIET WACHTU(PULIMPOBATh A€()EKThl M KOMIUIEKCHI 1e(EKTOB O0Jiee HAIEKHO U
OHO3HAYHO II0 CPAaBHEHHIO C JAPYTMMH METOJAMH, HW3Y4YUThb pPaAUALMOHHO-
CTUMYJIMPOBAaHHBIE  MPOLECCHl W3MEHEHHsI CTPYKTYpHO-()a30BOrO  COCTOSIHUS
MaTEpUAJIOB, OINPEACIIUTE TEPMOJAMHAMUYECKAE M  DJJIEKTPOHHBIE IapaMeTphl
palMaliMOHHBIX 1e()EKTOB U MEJIKUX KOMIUIEKCOB.

PaguanimoHHOE MaTepUalOBECHUE pa3BUBACTCA B IPOCTPAHCTBE BBICOKHUX
TEXHOJOIMH B YCJIOBUSX Bce OoJiee BO3pacTalolMX >KECTKUX TpeOOBaHUM K
DKCIUTYaTallMOHHBIM  XAPAKTEPUCTHKAaM  KOHCTPYKIMOHHBIX W  TOIUIMBHBIX
MaTEpHUaIOB aTOMHOM TEXHUKHA C MUHUMM3ALMEH BPEMEHHOI'O IPOMEKYTKA MEXKIY
pa3pabOTKON HOBOrO MaTepualia M €ro MCHOJIb30BAHUEM B SIIEPHOM SHEPreTHKE.
[TosToMy 0coboe 3HaueHHE U LIECHHOCTh MPUOOPETAIOT METO/IbI UCCIIEOBAaHUM, TaKKe
kak CTB, no3osstomue BeIOpaTh Hanbos1ee NepCreKTUBHBIE HAIIPABICHUS! HAyYHO—
TEXHUYECKHX pa3pabOTOK Ha OCHOBE aHaln3a SKCIEPUMEHTANbHBIX JaHHBIX O
paHHUX cTaausX oO0pa3oBaHUs, (OPMUPOBAHHMS M DSBOJIIOLUUH PATUALUOHHBIX
JNe(PEKTOB U KOMILJIEKCOB JE(PEKTOB.

Hacrosiiee moco6ue mocBsieHo BBeacHuio B ocHoBBI CTB, onmcaniio MeTo10B
peructparmu CTB 1 pacCMOTPEHNIO OCHOBHBIX IMTPUHIIUIIOB IIPUMEHEHHUSI IEPHO-
¢duznyeckux Mero0oB peructpaunu CTB B peakTOpHOM U paiualliOHHOM 2.



OKCNEPUMEHTAABHBIE METOADbI PETUCTPALLUN CBEPXTOHKUX
B3AUMOAEACTBUI B TBEPABIX TEAAX

2. 1. MeccbayspoBckana cnekTpockonusa (SaepHbIM raMMa-pe30HaHC)
TBepAbiX Ten

OnHrM 13 BOKHEHINTNX HAIPaBJICHUH TPUKIATHON SIepHON (DM3UKH W paauaIlliOHHON (DHU3UKHU SBIISCTCS
W3y4YCHUE W3MCHEHHMN (DU3MUYECKUX CBOWCTB Pa3IMYHBIX MAaTCPHAIOB, KOTOPBIC BO3HHUKIM B PE3yJIbTaTe
WOHHOT0, HEUTPOHHOTO, IPOTOHHOTO, JICKTPOHHOTO 00JTyYeHus. Pa3BuTre aTOMHOM SHEPreTHKH, padOoThI TI0
TEPMOSIEPHOMY CHHTE3Y, IITMPOKOE PA3BUTHE PEAKTOPOB Ha OBICTPHIX HEHMTPOHAX BBI3ZBAIM OCOOBII HHTEpEC
K W3y4YEHWIO TIOBEICHUS TBEPAbIX TElI B YCIOBHAX OOmydeHHs. HOBBIM TEPCIIEKTHBHBIM METOAOM,
TIPUTOTHBIM JUTSI UCCIICAOBAHMUS TIPOIECCOB, MPOTEKAIOIIMX B BEIICCTBE HA aTOMHO—MOJICKYJISIPHOM YPOBHE
ABJSIETC MeccOaydpOBCKast CIIEKTPOCKOIUSI — simepHbI ramma-pe3oHaHc (SAI'P) simepHO-(hm3mdeckas
METOJINKA, KOTOpasi IIMPOKO MPHMEHSIETCS B PAJHAIlHOHHOM MaTepHAIOBEICHHN.

MecchayspoBckasi CIIEKTPOCKOITUSI OCHOBAaHA Ha SIBJICHHM YIPYroro MCIYCKAaHUS, TOTJIONICHHS (Md
paccesiHusl) Y-KBaHTOB aTOMHBIMH SIIPaMH, BXOJIIIMMU B KPHCTAJUTMUECKHE CTPYKTYpHI. Takoil mporecc He
COTPOBOXKIACTCS M3MCHCHHEM BHYTPEHHEH SHEPrMU TBEPAOrO TENa, T. €. M3IYYCHHEM WU TOTJIONICHHEM
(hoHOHOB. DTO siBNIeHNE OBLTO OTKPHITO B 1958 1. P. Mecchayapom.

YHOpyruM mepexofaM COOTBETCTBYIOT OYEHb Y3KHE JIMHHUM WCITYCKAaHWS M TOIJIOUICHWS Y-KBaHTOB,

MMEIOIIIe ecTecTBeHnyo mmpuny 1 = 71 1T, rnet —cpenHee BpeMsl )KU3HH BO30Y)KIEHHOTO COCTOSHHS
aapa.

Heynpyrum nepexonam, pu KOTOPbIX BHYTPEHHSS SHEPIHs TBEPAOTO Tejla U3MEHSETCs], COOTBETCTBYIOT
JIMHUM UCITYCKAaHWS U HOIVIOLICHMS, COABUHYTBIE MO Pa3Hble CTOPOHBI OTHOCUTENIBHO E, 3Hepruu simepHoro
nepexoja.

CreKTpsl UCITyCKaHUsI U TOTJIOLIEHHS Y-KBAaHTOB AJIA sIAEpP, HAXOASAIIMXCS B KPUCTAJUTMUYECKOH peleTKe,
coziepKaT MO JIBE€ KOMIIOHEHTBI: IIMPOKas KOMIOHEHTa OOYCIIOBJICHA TEIJIOBBIM JBW)KEHHEM arOMOB B
KPUCTAJUTMYECKON pelleTke U (DOHOHHBIMH TEPeXOAaMH MEXKIy KojeOaTelNbHBIMH COCTOSHUSIMH PELICTKH,
BO3HUKAIOIUMHU TPH U3ITyYEHUH WM TIOTJIOLIEHUH Y-KBAHTOB BCJIEJICTBUE OTAAYHU SI/Ipa; y3Kasih KOMIIOHEHTa

MMEET eCTeCTBEHHYIO MIMpHHY | = hlt s pe3yJbTare TOro, 4TO MMILYJIBC OTAAYd BOCHPHUHHUMACTCS BCEH
PEIIETKON KaK LIebIM M SHEPIUs SIIEPHOTO IePexoia He TPATUTCS HA KUHETHUECKYIO SHEPTUI0 OTAAa4H Spa;
y3Kasi KOMIIOHEHTA CIIEKTpa XapaKTepu3yeT BKJIaj Pe30HaHCHOH (hioopectieHInH 0e3 OTIauH.

2.2. NMNapameTpbl Mecc6ayapoBCKOM
CNEeKTPOCKONUu

BepositHocTb adppekta Meccbayapa. B kiraccHuecKOM pacCMOTPEHHH HECMEIEHHAsl Y-THHHS SIEPHOTO

niepexoyia (ymuust Meccbayaspa) — 3TO JIMHKS HECyIIel 4acToTsl V = Ey / h.

3a cueT TeIIOBBIX KoJleOaHUid M3ITyHarolMX WIH TOTIOMAOIINX SIep HMeeT MeCTO (ha3oBast MOYJISLHUS
y-u3imydeHus. [yOrHa MOIYINISIUK ONPEICNACTCS OTHOIICHHEM CMEICHHs U3Iydaresis K JJIMHE BOJIHBI Y-
u3nydeHus: A. UeM MeHbIIE aMIUIUTY/ia KoJIeOaHWi U3ITydaTeNs U 4eM OOJIbIlie JIIMHA BOJHBI Y-KBAaHTa, TEM
GoJIbIIIe HHTEHCUBHOCTB JIMHUKM Mecchayapa T. €. TeM 0oJIblie 10J1st 6e30TJauHbIX SACPHBIX EPEXO0I0B.

C poctoM TeMmeparypbl Cpeibl aMIUITy/a KoJeOaHWH pacTeT W WHTEHCUBHOCTh MeccOaydpOBCKOM
JIMHUH TIAJIAeT, O3TOMY B KUIKOCTSIX ¥ ra3ax a(dexr MeccOayapa MoIHOCTBIO OTCYTCTBYET.

BepositHocTs  ynpyroro wucrmyckanusi f wiam mormomienws f, oTHecemHas Ha OMMH MCIYIIEHHBIH
(TIOTTIOIIEHHBIH) SIPOM Y KBaHT, BeIpakaeTcst paktopoM [lebas—Baepa:

f = exp(—iz/Kz) | 2.1)

T2 o
e X — CpCaHUUN KBaJIpaT CMCUICHUA aTOMa U3 MOJIOKCHHSA PABHOBCCHUA B HAIIPABJICHUUN UCITYCKAHUA Y-

) hc
KBaHTa (BCHI/I‘II/IHa X 06yc.]'IOBJ'IeHa HYJICBBIMH U TCIJIOBLIMU KOJ'I€63.HI/I$IMI/I): A=— — JJIMHA BOJIHBI Y-
Er
H3ITy4YEHUSI.



W3omepHbIi caBUr. Sapa B pas3inyHbIX SHEPTETHIECCKUX COCTOSIHUSAX UMEIOT HEOJNHAKOBBIC PAIyChl,

TIO3TOMY SHEPIHsl KYJIOHOBCKOTO B3aMMOJICHCTBHS sijpa C 3JIEKTPOHHOW 00O0JOYKON aTtoma OyJeT pa3indaHa
JUTS1 BO30YKAEHHOTO M1 OCHOBHOT'O COCTOSIHHIA.
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Puc. 6. U3omepnsblii capur. Ucrounuk Co”' MaTpule XpoMa, NorJoTuTeab peppouuanua kaaus. E,—
JHepPrus s/1epHOro nepexoaa B syipe 0e3 3JeKTPOHHOI 00010uku; E, n E; — 3Hepruu siiepHbIX epexoa0B B
HCTOYHMKE M NOIJIOTHTEJIe COOTBETCTBEHHO

Dta pasHuIa B3aUMOJIEHCTBHIT IPOINOPIMOHAIBHA NIOTHOCTH S-DJIEKTPOHOB B MECTE PACIIOIOKEHHUS P
2
v (0)

HEO/IMHAKOBA JUIS PAa3JIMYHBIX XUMHUYECKUX COCAMHEHWH, YTO TPUBOAWT K CIBUTY JIMHWU WCIYCKaHUS U
MTOTJIOILIEHUST:

, Tme Ws(0) BomHOBast (YHKIUS S-3JEKTPOHOB B IeHTpe aroMa. BommoBas ¢ynkims s(0)

5= %nZez(Ré RO - O}, ez

r7ie € — 3IIEeMEHTAPHBIN 3apsi; Z — IOpSAAKOBBIN HOMep s/pa; Ry 1 Rp — pamuycel sipa B BO30YKICHHOM U
OCHOBHOM COCTOSIHUSIX, 3HAYKH «A» U «S) OTHOCSTCS K MOTJIOTUTENO U UICTOYHHKY Y-KBaHTOB
COOTBETCTBEHHO.

OKCTIepUMEHTAITBHO 3HAYEHUE N30MEPHOTO CBHUTa OMPEICIISIIOT KaK PACCTOSIHAE MEXKTY MOJIOKEHUSIMU
MaKCHUMYMOB WJIM LIEHTPA TSHKECTH PE3OHAHCHBIX KPUBBIX JIJIs1 CTAHAAPTHOIO TIOTJIOTUTENS] U UCCIIEyEMOTO
BEIIIECTBA.

KsappynonbHoe B3aumopaencTBue. OHO BBI3BIBACTCS B3aUMOJICHCTBHEM DIICKTPUUECKOTO KBAPYIIOIHHOTO
MOMEHTa $i/Jpa C HEOJHOPOJHBIM 3JIEKTPUYECKHUM TI0JIEM B MECTE PACHOJIOKEHHS sJpa B KpUCTAJUIAX C
HEKyOMUYeCKOU pemeTKoi. [ akcrnaTbHO—CUMMETPHIHOTO TIOJIS C OCBIO, HATIPABJICHHOMN O OCH Z, SHEPTHS
KBaJJPYTIOJILHOTO B3aUMOACUCTBHSI JACTCS BEIPAXKEHUEM:

eazu Q
oz% 4121 - 1)

EQ_

[3m2 —1(i + 1)], (2.3)



0%U

rac 2 = TpaJUCHT HAIIPSHKECHHOCTH DJIEKTPHUYCCKOI'O ITOJIA B MECTC HAXOXKICHUA Apa; | — ciuH sapa,

M — MATHUTHOE KBAHTOBOE YUCIIO; Q — KBaJPYTIONBHBIA MOMEHT SIITPA.
57 N N
I sapa *'Fe ocHoBHOE coctosiHue mMmeeT Q = 0, MO3TOMY OCHOBHOW YPOBEHBL HEpPACIICIUICHHBIH, a

TiepBOe BO30YKIEHHOE COCTOSIHIE pacieruisiercs Ha aBa (£ 3/2) u (£ 1/2) mogypoBHS ¢ pacCTOSIHUEM MEXIY
HUMHU:

1 o
AEQ = Eeaz—z (2.4)
m
7y 13/2
3/2
sn(tﬁ] AEQ
2 111
DN 2N
1112
KBaapymoAbHOe pallenAeHHe

2

G =
=
]
Q
1
g
o]
C

| | | |
02 -1 0 01 02

CxopocTs, cM/¢

Puc. 7. KBaapynoJibHoe pacuienjienue Mecc0ay3poBCKHX CIIEKTPOB.
HcToyHNK Y-KBAaHTOB Co’ B martpuue xpoma. [lorinorurenp —
HUTPONPYCCHI HATPUSI

31ech MBI TakKe UMEeM IPOHM3BE/ICHHE IBYX (DAKTOPOB: sIepHOTO (KBAIPYMOJBHBI MOMeHT Q) u

0°U

3IEKTPOHHOTO (TPATUCHT HAMPSDKEHHOCTH DIICKTPHIECKOTO TIOJIS 572 ).
z

MaruutHoe paciuenneHne. B meccOayspoBCKHX CHEKTpaX MOXKET HAaOMIOAATBCS TaKKe MAarHUTHAs
(smepHas 3eeMaHOBCKas) CBEPXTOHKAsI CTPYKTYpa SIIEPHBIX YPOBHEH.
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AonAepoBCKasi CKOpOCTb, CM/C

Puc. 8. MaruuTHoe cBepXTOHKOe paciienjieHne 0CHOBHOIO M IIepBOro BO30YK/IEHHOI0 COCTOSIHUSA siApa *'Fe,
HMcrounnk °'Co B martpuue xpoma. [loraorurens Fe,0; (anTudeppoMarieTux). 3HAKU MAarHUTHBIX
MOMEHTOB B OCHOBHOM H BO30Y:KI€HHOM COCTOSIHUSIX Pa3JIMYHBI

Ceepxtonkast crpyktypa (CTC) wMeccOayIpoBCKUX CIEKTPOB OOYCIIOBJICHA B3aMMOJICHCTBHEM
JIMTIONILHOTO MOMEHTA sifjpa |L ¢ MarHUTHBIM mojieM He. Ecim 3a BpeMs skU3HH MeccOayspOBCKOTO YPOBHS
sJpa Ha €ro MarHUTHBIA MOMEHT AeHCTBYeT 3(p(eKTHMBHOE MarHUTHOE TOJIE, CO3JIaBaeMOE 3JICKTPOHHOU

000JIOYKOM, TO MOJHOCTBIO CHUMAETCS BBIPOXKICHHE IO M M KaXKABIA ypoBeHb pacmierusiercss Ha 2| + 1
MOYPOBHEM.

9Hepr1/151 MardimuTHOI'O B33HMOILCI>'ICTBHH 3alIUCBIBACTCA IIPHU 3TOM B BHUJIC!:

E,=/H (2.5)

Ijle | — MarHMTHBIA MoMeHT sipa; H — BekTOp HampsKEHHOCTM MArHMTHOTO TIONS B MecTe
HaXOXJICHUS A7pa.

Takoro pojia B3aMMO/ICHCTBHE HIMEET MECTO B MarHUTOYIIOPSIOUCHHBIX CUCTEMaX — (peppoMarHeTnkax u
(beppuTax, HAXOAAIINXCS B COCTOSHUSAX, KOTOPbIE HIKE COOTBETCTBYIoIMX Touek Kropu (Heems).

OpnHako U1 BeIecTBa B NAPaMarHUTHOM COCTOSIHUM MOYET HMETh MECTO PACILEIIEHNE KaXKI0TO YPOBHS
aapa Ha 2| + 1 momypoBHEW: ecny BpeMsl peflakcally 3JIEKTPOHHOTO CIIMHA CPaBHUMO C TIEPUOJIOM
JIAPMOPOBCKOM TIPETIECCUH si/Ipa ¥ OombIie ero [2].

HpI/I HaJIMYWMK MAarHuTHOI'O BBaHMOHCﬁCTBHﬂ pacCTosIHuA MCEXKAY PACHICIUICHHBIMU  YPOBHSAMHA
OIMpEACIIAOTCSA BhIPAXKCHUEM!

AE,, = H 0 2.6)

Takum O6p330M, B BBIPAKCHUC JII MAarHuTHOI'O BSaHMOHeﬁCTBHH, KaKk U JJid U30MCPHOI'0 CABHUI'a U
KBaJAPYyIOJbHOI'O PaCHICIUICHUA, TaK)KE€ BXOAWUT IPOU3BCACHUEC [IBYX BCIMYWH: ;mepHoﬁ — MAarHuTHOI'O
MOMCHTaA g/1pa u BHCKTpOHHOﬁ - 3(1)(1)CKTI/IBHOFO MAar"HuTHOIO 11oJist B MECTC HAXOKICHUA A1pa.



®opma 1 WKMPUHA NMUHUK. DHEPreTHIECKHI CIICKTP JIMHUH UCITYCKAaHUS B Clydae 0€30TIauHbIX MIEPEX0JI0B
OTIpEIENAETCS CIECAYIOMINM BEIPKEHUEM:

I(E 3 const
( 'V) - v 2 2 ; (27)
SE
P\ )Ep 2
Tac Ep — DJHEprud AACpHOro Iepexola, X Ep - ,HOHJ'IepOBCKI/Iﬁ CABUI' JIMHUM HCITYCKaHUA,

c
COOTBCTCTByIOH_II/Iﬁ OTHOCHUTEJILHOM CKOpPOCTH V MEXIAY MCTOYHMKOM M IIOITIOTHUTCIIEM, I— ecrectBeHHas
UpUHA JINHUHA.
Onpeﬂeﬂsm 13 SKCIICPUMCHTAIILHO MOJTYUYCHHOI'O Mecc6ay3p01301<0r0 CIICKTpa HIHMPHUHY JIMHUN I , MOKHO
BBIYUCIIUTL BPEMS JKU3HHU IEPBOI'O BO36Y)KI[CHHOFO YPOBHA:

h

.
. (2.8)

Bpemena >xu3HN ypOBHEH, KOTOpbIE MOJKHO M3MEPHTh B MeccOayIpOBKHX 3KCIEPUMEHTAX, HAXOSITCS B
npenenax 10°-107" ¢, 4to cooTBeTCTBYET MMPHHAM SICpHEIX ypoBHeit 10 °~107° 9B.

MpuHuun u3amepenusi. Tlpu HaGmroneHMM 3(d¢ekTa PE30HAHCHOTO TIOTJIOMICHUS (WM PACCESHUS)
W3MEPSETCSl MHTEHCHUBHOCTh MPOIIEANX (WM PacCesHHBIX) Y- KBAHTOB B 3aBUCHMOCTH OT CKOPOCTH, C
KOTOPOW MCTOYHMK U HOIJIOTUTENb WM paccenBaTesb IBIKYTCSI OTHOCHTENBHO ApYT Apyra. IIpu HexoTopoit
OTHOCHTEIILHOW CKOPOCTH V; (B HEKOTOPBIX CIIy4asiX V; MOXET OBbITh PaBHOH HYIIO) JIMHWH TOTJIOMICHUS U
JMHUM WCIYCKAaHHS, COOTBETCTBYIOLIME O€30TIAYHBIM IIEPEXOAaM, IOJIHOCTBIO IEPEKPHIBAIOTCA. IJTO
NPUBOIUT K MAKCUMyMy B PE30HAHCHOM IIOTJIOIEHMH M COOTBETCTBEHHO K MUHHMYMY B MHTEHCHBHOCTH
TpoLIeanero u3mydeHus. OTHOCUTENBHBIE CKOPOCTH, HEOOXOMMBIE TIPH TAKHX M3MEPEHUSX, CPABHUTEIHLHO
nepenuku (ot 0,01 cm/c mo 1020 cwm/c). Cucrembl JBIDKCHUS OBIBAIOT C IOCTOSHHOM M TIEPEMEHHOM
CKOPOCTBIO. B CKOpOCTh IBIOKEHUS NOCTOSIHHA, TO KPHMBasi 3aBUCHMOCTH MHTEHCHBHOCTH IIPOLIEIIIECIO
(Wu paccesHHOTO) M3IYYeHHUsI OT CKOPOCTH HOJIy4aeTCsl MOCIe0BaTeNIbHO IO OTAEIBHBIM TOuKaM. B 3Tom
cirydae MH(GOpMAaIs HaKarIuBaeTcst ISl BRIOPaHHBIX TOUEK B MHTEPECYIOIIEM HaC MHTEPBajle CKOPOCTEM.

MeToanka sipepHO ramMma - pPe3oHaHCHOW CMEKTPOCKONMW B FeOMETPUW MPOMYCKaHWA Y- KBaHTOB.
VcTounnKOM MeccOaydpoBCKoro manydenns cayxut CO°' B MeTamuiuueckoii marpuie (Hampumep B Cr ¢
00BEMHOLIEHTPUPOBAHHONW CTPYKTYpOH), HaXOSAIIMICS MPU KOMHATHOW TemmepaType. Cxema pacmaja
usorona Co°’ mpescTasieHa Ha puc.9.
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,C0
Puc. 9. Cxema pacnana

837 keeV, 1=712, (v =270 days) "matepuHckoro" mzorona Co®’
WILTIOCTPUPYIOIAsl TPYAHOCTH
IKCIIEPHUMEHTAILHON perucTpamnun y
- KBAaHTOB ¢ 3Hepruei 14, 4 k3B.

{Electron Capture) 57

T

136 ke, I = 5/2 I'aMma — KBaHTBI, HCITyCKaeMble
WCTOYHUKOM, YaCTHYHO IOIJIOIAXOTCSA
M2 ¥1 HCCIIeAyeMbIM 00pa3lioM, B KOTOPOM
11% 8504 COJZlepKaTCsl HAXOIAIIUECss B OCHOBHOM
cocTostHIH aToMbl Fe”'.

144 keV, I=302 B cmektpomerpe, pabotarorieM B
pexume IIOCTOSIHHBIX CKOpOCTEH,
VL HCCIIETyEeMBbIil CIIEKTpP MOTJIOMIEHUS (1IN
8.4% paccesHUs) TONydaeTcs B pe3yJbTare
. 0,1=172 NPOBEACHUS CEepUM MOCIEA0BATEIbHBIX
U3MEpPEHUM, B KaXJIOM M3 KOTOPBIX

=]
]
e}




3aJaeTcs OIpelieNICHHAs! CKOPOCTh JBIKEHHS MCTOYHUKA M PETUCTpalUsl OCYILIECTBISIETCS IIepecYeTHON
CXEMOH.

CriektpoMeTp coOpaH 10 CTaHAAPTHOH cXeMe B TEOMETPHH MPOITYCKAHUS U COCTOUT U3 CIIEIYIOIINX
0JI0KOB:

1. PamnoakTHBHBII UCTOYHUK.

2. broxk perucrpanmy raMMa — KBaHTOB.

3. DnekTpoArHAMHYECKHN TPUBOJ,.

4. bIiox 3nMeKTpOHHOW KOMMYTAIUH U YIIPABICHUS.

dyHKIMOHATBHAS CXeMa CIeKTpoMeTpa mnpencraBieHa Ha puc. 10. Yacte y — KBaHTOB,
NPOIIEAIINX Yepe3 MOTJIOTUTENb, CO3AeT B JACTEKTOPE WMITYJIBCHI HANPSDKEHUS, aMIUIUTYIa KOTOPBIX
NPOMOPLUMOHAIIEHA SHEPTUU Y - KBAaHTOB. B KkadecTBe JeTeKTOpa PE30HAHCHBIX raMMa — KBAaHTOB
MCIIONIB30BAJICS CLMHTHUIIMOHHBIN CYeTYHK, coctosiuid u3 kpuctawia Nal akruBupoBannoro Tl u
(OTO3TEKTPUUECKOTO YMHOKUTEIISI.

Breixonnbie mMmysbebl ¢ @Y mocTtymaioT Ha BXOHA aMIUIMTYTHOTO IUCKPUMHHATOPA, KOTOPBIA
oOecrieynBaeT BblIeIeHHE (OTONMKA PE3OHAHCHOTO raMMa — M3JIyYCHHS M3 SHEPreTHYECKOIrO CIEeKTpa
HCTOYHUKA

Jns m3MepeHHsl CIeKTpa TraMMa — PE30HAHCHOTO IMOTJIOIIEHHS B CIEKTPOMETPE HCIONb3yeTcs
OPUHIMII JOIUIEPOBCKOIO CMELIEHHs JHEPrud ramMma — KBaHTOB. /[l 3TOro ocymiectsisiercs
NEepEMELCHNE MCTOYHUKA OTHOCUTEIBHO MOIJIOTUTENSI M NPH KaXKIOM 3HAYCHWH CMELICHHS SHEPTUU
raMMa — KBAaHTOB CIICKTPOMETP O6GCHC‘II/IBa€T N3MEPCHUEC MHTCHCHUBHOCTHM TIaMMa — KBaHTOB,
npomeaAmux vepe3 oOpasen. I[loMOKUTENBHOM CKOPOCTH COOTBETCTBYET CONMKCHHE HCTOYHHKA U
MIOTJIOTUTENS, & OTPULATENbHON — OTAAJIeHNE UCTOYHHUKA OT TOTJIOTUTEIISL.

[lepememienre  UCTOYHUKA OTHOCHTENBHO  TOTJIOTHTENS  OCYIIECTBISIETCS € MOMOLIBIO
ANEKTPOAMHAMHYECKOTO BHOpaTopa. biok ¢hopMupoBaHust 3aJa0IMX CUTHAIOB CKOPOCTH, 0OecTieunBaeT
(hopMUpOBaHUE CUTHAIIOB MAI000Pa3HON, IPSIMOYTOIBHON U TparenenaaaIbHOH (POPMBIL.

Yeuaureas JMcKpMMHHATOP o
l_ >
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»”| obOpartHoii

CBSA3H

A

BUOpaTop

Baox popmupoBanus
3a/1a10111ero CHrHAaJIa
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Puc. 10.
DYHKIHOHAJIbHAS CXeMa siIePHOTo
raMMma - pe3OHaHCHOTO CIIEKTpPOMeTpa
Biiokx 3neKTpOHHOW KOMMYTAallMM | YIPABJICHUS, OOCCIIEUYMBACT JIOTHUECKYH) CBS3b OJIOKOB
CIICKTPOMETpa B Mpoilecce Habopa YMCIa CYSTOB, a TaKXKE IPeIHA3HAYCH JUIsi aBTOMAaTHYECKOI'O
yIpaBjcHHs OJIOKOB CUETa MPH MEPEX0/e C MOJIOKHUTEIBHON CKOPOCTH HA OTPHUIATEIbHYIO, a TAKXKE IS



3a/TaHMsI CKOPOCTH B TIpoIecce Habopa CIIeKTpa.

MeTtoaumka “yepHOro nornoTuTena” y4yeta Hepe3oHaHCHOro poHa. OmpeneieHre BEPOSITHOCTH HUCITYCKAHHUS
PE30HAHCHBIX TaMMa - KBAHTOB 3HAYWTCIIBHO YIPOIIACTCA IIPHU HCIIOJIB30BAHMU METOAA YCPHOI'O
MOIJIOTUTCIIA IJId y4Y€Ta HCPE30HAHCHOI'O (l)OHa nopu perucrpal CICKTPOB MOITIOMICHUA. qepHI:IfI
MOTJIOTUTENb, MPEACTABISACT COOOH CMECh COSAMHEHHM ¢ Pa3IMYHBIM paclpencicHHeM H30MEPHBIX
CABUTOB M KBaIPYTIOJNBHBIX pacHIeTieHUH. Tako# MOrjJoTUTeNh CTAHOBUTCS a0COJIIOTHO HETPO3pPadHBIM
JIA MeCC6ay3p0BCKI/IX Y — KBAHTOB U MOJIHOCTBHIO MPOITYCKACT HEPC3OHAHCHBIC Y — KBAHTHI. Tpe60BaHI/IHM
“qepHoro MOTJIOTUTENST YAOBJICTBOPAIOT COCAMHCHUSA, B KOTOPBIX J3JICKTPOHHOC TIOIJIOMICHUC
MPAKTHYECKH OTCYTCTBYeT. TakMMH COEIWHEHHSIMH JUII MeccOaydpOBCKOM CIIEKTPOCKOIHN Fe*’
SIBJIAIOTCS JIMTUEBBIC U aMMOHUCBBIC q)TOpI/I):[I)I JKeJIe3a

CeyeHune MOIJIONIEHNS YBEJIMYUBAETCSA C TOJIMHOMN MOrJI0OTUTENS, HO Jake ¢ TOMmuHON =100

17(0) =0,96. Hemnpo3pa4HOCTh MOTJIIOTUTENSI B 3HAYUTENHHOW CTEIECHH YBEIMYMBACTCS TPU TEX IKE

TOJIIUHAX TIIOTJIOTUTEA, €CJIM JIMHUA TMOITIOICHH 3HAYHUTCIIbHO YIIHMPCHA. Hpe,Z[HOJ'IO)KI/IM, qTo
IOTJIOTHUTCIb HUMECT HCOIrpaHNU4YCHHOC MonepeyHoOeC CCUCHUC B OHEpr €TUUYECKOM obmactH

—zl'<e—¢g, <zl

TOTAa NPOXOAAIICe YEPE3 NMOITIOTUTEIIb U3JIYyYCHHUEC!

I de 3
(6—g,)* +1%/4
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1- 2 arctg(2z).
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2
Cnenosarensro, 77(0) npubmmkaercs x f xak —arctg(2z) crpemurcs k 1. To ectb 96%
V4

W3JydeHus 3aj1epkuBaetcs mupunaoit 1577 . Bei6op onTUMaibHON TOJIIUHBI TIOTJIOTUTENS TIPOU3BOAUTCS
Ha OCHOBE 3aBUCHMOCTEH BeMMYHMHBI 3(PQeKTa UepHOro MOTIOTHTENS AN Pa3TUYHBIX 3PPEKTHBHBIX
TOJNIIMH 110 siapam Fe”'.

B pe3ysibTaTe H3MEPEHHUH 4 BBIMONHEHHBIX ¢ HCToUHHKOM CO°' B Matpuie Cr GbUIO YCTAHOBICHO, YTO
TP TOJIIIMHE MOTIOTHTENS [0 H30ToIy Fe*™> 4 Mr/cM® KpuBas BRIXOANT HA HACHIILCHHE ¥ MPH TOJIIMHE

n, >10 wmr/cm® omyckaercss BHM3. OTCrofa IOINIOTUTENb TOJIIMHON N, =10 wmr/cM® sBusercs

a0COITIOTHO HEMPO3PaYHbIM IS MeCCOAyIPOBCKHX Y — KBAHTOB. JIAHHBIN TMOTJIOTUTENb U UCIIOIB3YETCS
JUTSL OTIpEJIeNICHHS HEPE30HAHCHOTO (OHA.

Metoauka obcuyeta meccOayapoBCKUX cnekTpoB. Ilpw aHanm3e CHOEKTPOB IMOTIIONMIEHHUS W PACCESHUS,
NpECTaBISIONNX co00i HabOp CTATHCTHYECKUX JAHHBIX, HCIOJB30BAJICAd MAaKeT MaTeMaTHYECKOTO
mozenupoBanust Mathcad. TTonyuenHslii HaAOOp JaHHBIX MPEIACTABISACT COOOW IBYMEPHBI MacCHB.
JlaHHBI MAacCHB MOXHO MpPEJICTaBUTh B KA4YeCTBE MATPHUIBI WM Tabmuibl. Jlns Ooyee HarIsgHON
WHTEPIpETAlliA CTATHCTHYECKHE JaHHbIe MPEJCTAaBISIIOTCS B BHAEe TaOmuIbpl.B manHOM Maccuse
MHOTOMEPHBIH BEKTOp VX C KOOPAMHATON N ONpe/eseT BEIHYMHY X, a BEKTOp VY — BEIHUUHY Y, VX —
HOMEp KaHana, VY — OTHOCHTEIBHOE YHCIO HWMIYJIbCOB. I ONTUMH3AIMU O0pabOTKH JAaHHBIX
UCTIONB3YIOT (yHKIMio csort(data,0)./[imnHa MHOTOMEPHOTO MAacCHBa, MAaKCHMAaJIbHOE M MHHHMAIbHOE
3HaueHHUe onpenessrores GpynkuusiMa max(vx), min(vx), max(vy), min(vy), length(vx). ITpu nposeneHun
CIUTXKHUBAHUS TIOJYYSHHBIX CIIEKTPOB MOYKHO HCIONb30BaTh GyHKmU ksmooth(vx,vy,b), rae mapamerp
b>0, a rtawke supsmooth(vy,span) span=0,25. OgHako, y4WTHIBas, YTO TIOJYYEHHBIH CIEKTP B
OOJIBIIMHCTBE CITy4aeB SIBJISIETCS PE3YJIBTATOM CYIEPIIO3UINU KOMIIOHEHTOB OJJMHOYHBIX CIEKTPOB, TO
NPUMEHUMOCTh JIAaHHBIX (QYHKIUE JUIS MPEMU3UOHHOTO OMHUCAaHUs orpanuveHo. J[ias Gojee TOYHOro
OMHCaHUsT HEOOXOJMMO HCIOJIb30BaTh KOMOWHAIMK CTATUCTUYECKUX (PYHKIMH. DTalOHHOW (PYHKIIUU
JUISL JTI00OTO THIA CHEKTpoB HetT. J[isi rpaduueckoll BU3yaIM3allH CIEKTPa HCIOJNB3YIOT MMOCTPOCHHE
rpaguka 1O OJHOMY U3 BO3MOXHBIX alropuT™MoB: B mnoamento Insert—Graph—X-Y Plot. B
MOSIBIISIFOIIEMCST aKTUBHOM OKHE TOJT TOPU30HTAILHOU OChI0 B OkHe placeholder ykaseiBaercst 3HaueHue
VX, a cjieBa BEPTHUKAIBHON OCH VY. MOXHO UCIOJIb30BaTh BTOPOM BapHaHT B paboyeM I0JIe JOKYMEHTa
Y@X. JIomOJHUTENbHBIE HACTPOWKM Trpaduka BBI3BIBAIOTCSA C IOMOIIBIO TMOAMEHI0 Properties.
[IpencraBieHne MaHHBIX B BUJE TaOJNHUIBI OCYHIECTBIsETCA ¢ moMolnbkio moamen Insert—Object— Input
Table.

MU3mepeHune usomepHbIx caBUroB. KyioHOBCKOE B3aMMOJICHCTBUE spa C 3JICKTPOHAMH MPUBOIUT K H30-
MEPHOMY CIIBUTY PE30HAHCHBIX JIMHHUN O, KOTOPBIA ONpeAeIsieTCsl Pa3inuueM 3apsioBbIX PAIHyCOB s/pa



B BO30YKJICHHOM M B OCHOBHOM COCTOSIHUSIX U Pa3HOCTBIO IJIOTHOCTH AJICKTPOHOB B 00JIaCTH s/ipa B TO-

TIIOTHTENIE W B M3JydaTelae. BrelpaxkeHune mus u3oMepHoro casura wumeer Bun (1.17):
4r ,__., AR 2

§=—€"ZR* — wy|, ||
5 R

2
a

}, rne R — pamuyc snpa, AR — u3MeHenue paauyca spa npu UCIYCKaHUH Y-

KBaHTOB \Wo 2
S

',//0‘2 - JJICKTpOHHAaA IINIOTHOCTH Ha AApaX WMCTOYHHKA WU ITOITIOTUTEIIA. 9KCHepI/IMCHTaﬂBHO
a

BEJIMYMHY H30MEPHOTO CIBHTa ONPEIEISAIOT KaK PACCTOSHUE MEKIY MOJOKEHHAMH MAKCHMyMOB HITH
[IEHTPOB TSUKECTH PE30HAHCHBIX KPUBBIX HCCIIEAYEMOTrO BEIIECTBA M CTaHmapTa. B kauecTBe craHaapra
JUIL  PE30HAHCHOW CHEKTPOCKOMHMH COEJAMHEHHM JKelie3a WCIOJIb3yeTCsl HUTPOIPYCCHI HATpHs
(Na,[Fe(CN)sNO]-2H,0). Hutpompyccua HaTpusi UMEEeT OPTOPOMOHUYECKYIO PELIETKY C IapaMeTpamMu a=
6,17+0,03A, b= 11,840,064, c= 15,43+0,08A.

OCHOBHOU TPYAHOCTBIO MPOBEAEHHUs (HA30BOT0 aHaINM3a ¢ BBICOKOM TOYHOCTBIO MPH HMCIOJIb30BaHUH
MeccOaydIpOBCKOM  CIIEKTPOCKOIIMK B TEOMETPHH TOIJIOMIEHHs SIBJISETCA C TPYIOM YCTpaHHMas
HEJIMHENHAS 3aBUCHMOCTh HHTETPAILHOW MHTEHCHBHOCTH MeCCOayIpPOBCKUX CIIEKTPOB OT 3P (PEKTHBHOM
TOJILMHBI 00PA3IIOB - MOTTIOTHTEINEH 10 SIPaM.

DTO 3aTpyfHEHHE BO - MHOIOM YCTPAHSETCA MPH HCIOJIb30BAHUM METOIUKH PErHCTPALliK
MeccOaydIpOBCKHX —CIEKTPOB OOpaTHOTO pacCestHhs C  TOMOIIBIO  JETEKTHPOBAHHUs —DIICKTPOHOB
BHYTPEHHEW KOHBEPCHH.

2.3. MeccbayspoBcKasi CrIeKTpoCKonus

KOHBEPCHUOHHBbIX 3J1IEKTPOHOB

Pa3BuTast B mocieaHue ro/ibl METOAMKA MeccOay3pPOBCKOM CIIEKTPOCKOIMH KOHBEPCHOHHBIX 3JICKTPOHOB
(MCKD) mo3Bonmia yChenrHo UCTIONb30BaTh €¢ B KauecTBe MHCTPYMEHTA /ISl MCCIEOBAHMUS TIOBEPXHOCTEN
TBEPOBIX TEI W B JApYyrux oonactsax wMarepuanoBeneHus. OnucaHbl MHOTOYHMCIICHHBIE CHOCOOBI
HCIIOJIL30BaHMs METOAa, B YHaCTHOCTH, JId U3YUYCHUA BIVAHNA UMIUIAHTaAllMM HMOHOB Ha CBOICTBa pa3InIHbIX
MarepuaiioB. Cpenu paccMaTpUBABIINXCSI BOIIPOCOB MOXKHO, HALIPUMED, BBLACIUTH CIIEIYIOILEE:

HCCJICIOBAaHUE BIMSIHUS MMIUIAHTALMY JKele3a Ha MHTHOMPOBaHUE, OKHUCIICHUE Y KOPPO3HIO CIUIABOB,
W3Yy4eHUE HAHOKPUCTAJUTMIECKUX U aMOP(HBIX CTPYKTYD,

AQHAJIN3 YCTAIOCTHOIO MOBEICHUS M IPYTHX XapPaKTEPUCTHK MH)KEHEPHBIX KOHCTPYKLIMH,
HCCJICIOBAaHNE MAarHUTHBIX SBJICHHUI,

M3Y4€HUE CTPYKTYpbl HEPAaBHOBECHBIX CIUIABOB,

HCCIICAOBAHUEC CTPYKTYPHBIX U 3JICKTPUICCKUX W3MEHEHUH B KpUcCTaJliax,

® & & 6 o oo o

H3YUCHUC HOBerHOCTHOﬁ cerperauuru B CrjiaBax.

Xots o cux mop Oojpliasg 4acTh uccienoBaHuii ¢ momompio MCKD mpoBoammach Ha cucremax,
cogepkamux Fe u Sn, yxe cymiecTByeT moTeHInaabHas BO3MOKHOCTh PACIIMPEHNs 00JIaCTH MPAKTUIECKOTO
UCTIONB30BaHMS 3a cUET MIPUMEHEHHSI IpyruX MeccOayIpoBCKUX M30TOTOB. HeaBHue NOCTHKeHusI B 00J1aCTH
PErvucTpalil JEKTPOHOB INPH HU3KUX TEMIIEpaTypax BMECTe C co3faHHeM J(P(EKTUBHBIX CUETUHKOB
BTOPHYHBIX JJICKTPOHOB O0OECIEUMIIM BO3MOXXHOCTD CO3/IaHUSI THOKHMX M YHOOHBIX KOHCTPYKLUH Ha OCHOBE
KaHAJIOTPOHOB, KOTOpPBIC, HECOMHEHHO, HAWIyT MMPOKoe MpuMeHeHne B uccienoBanusx MCKD. MoxHo
NPOBOANTD KCIEPUMEHTHI ¢ MEcCOAYIPOBCKUMH M30TONIAMU, JOCTYITHBIMHU JIMIIbL B HEOOJIBIIMX KOJTMIECTBAX
U paboTaTh Ha mepexojax ¢ HeOONbLIOW Joyiel uaymux Oe3 oTaaun mpoueccoB. [loMuMoO 3TOro, UMEOTCS
XOPOIINE MPEINOCHUTKH sl TATTBHEHINETO Pa3BUTHS celeKTHBHOH 1o rimyoune MCKD, HecMoTps Ha TO, 4TO
B TPOBENEHHBIX Ha CETOAHAIIHUM JEHb WCCIEAOBAaHUAX HCIONb30BAIKMCE CHEKTPOMETPhI C Maylon
s dexTUBHOCTBIO.

Hecomuenno, 4ro o4eHb wHTEepecHas HWH(MOpMAIMs, TOIydaeMas TaKuM METOJIOM, CTHMYJIHPYET
JlaNbHEIee pa3BUTHE CHEKTPOMETPHUH HHU3KOIHEPIeTHYECKUX SIEPHBIX O3JeKTPOHOB. J[ma Bcex 3Tmx
9KCIIEPUMEHTOB OOJIBIION IMPAKTUYECKU HMHTEpeC MPEACTABISIOT paboTel o yayumennio B MCKO
orHomeHus curaai/mym. B MCKD cymiecTByeT MHOXKECTBO APYTHX MHTEPECHBIX BOIIPOCOB, HYXIAIOLINXCS
Kak B TEOPETHMYECKOM, TaK M B OKCIEPHUMEHTAIFHOM WCCIEAOBAaHMH. B dacTHOCTHM, MOXXHO Ha3BaTh
JajbHelIe paboThl MO BO3OY)KACHWIO SIEp WM TNPOHWKHOBEHHIO HU3KORHEPIETUUECKUX HJIEKTPOHOB B
BEILECTBO, YIJIOBBIE KOPPEISILIMK B PE30HAHCHOM PaccesHUU U UHTep(epeHIOHHbIE 3P (EKTh PE30HAHCHBIX
U (QOTOIEKTPUUECKAX TPOIECCOB, a Takke mnpuMmeHeHne Meroauku MCKD k  meccOayspoBckoit
TIOJIAPOMETPUH, M3MEPEHUSIM TOBEPXHOCTHOTO MAarHeTH3Ma, MCCIEAOBAHMIO OPWEHTAlMU fAAep, K JKcIie-



pPUMEHTaM B ITy4KaX ¥ JIPYTHM BOTIPOCAM.

MecchayspoBcKasi CIIEKTPOCKONHST KOHBEPCHOHHBIX IEKTPOHOB, HCIONB3YIONIAs sapa ° Fe, sBIseTCs
METOJIOM HEpa3pyIIAIOIIEro aHATN3a U KOHTPOJISl TOHKHX JKEJIE30COACPIKAIIMX CIOEB M TOHKUX TuIeHOK. OHa
OCHOBaHAa Ha PETUCTPAIMY B TCOMETPUH PACCESHUSI ICKTPOHOB BHYTPEHHEH KOHBEPCHU U 0KE—3JICKTPOHOB,
KOTOpbIC BO3HHUKIIM TPH pachaje BO30YXKIEHHOTO COCTOSHHUS sjipa, O0pa30OBAaBIIETOCS B Pe3yJbTare
pe30HaHCHOTO (MeccOaydIpPOBCKOTO) MOTIIONICHNsS] TaMMa-KBaHTa ¢ dHepruel 14.4 kaB oT pagnoakTUBHOTO
UCTOYHMKA. Pacrmiaj BO30Y>KIACHHOTO COCTOSIHHSI COMPOBOXKIACTCS MCITYyCKaHHEM DJICKTPOHOB BHYTPEHHEH
konBepcun K-cepum (3neprus 7.3 k3B, BepostHocTh ncmyckanust 0.81), L-cepun (13.6 u 0.09), K, L- oxe-

371eKTPOHOB (5,6 1 0.63). Ilpu 5TOM IONOMHUTENBHO BO3HUKAIOT K |, -penTrenosckue kBanthl (6.3 u 0.24) n

ramma-kBaHTH (14.4 u 0.09). [locnennue perucTpupyroTcs B TPAJAWUIFIOHHOM BapHaHTe MeccOay’pOBCKON
CIIEKTPOCKOIMH Ha MPOITyCKaHHe.

B merome MCKD peructpupyloTcsi Bce BJIEKTPOHBI, BBIOMTBIE M3 00pasla BCIEACTBUE BHYTPECHHEH
KOHBEPCUH I10CJIE€ PE30HAHCHOIO MOIIOLIeHHs. VX 9uciio orpaHMyueHO paccesHHMEM B MaTtepuae oOpasia.
TOJNBKO BANMEKTPOHBI, TIOSIBUBIIUECS M3 aTOMOB, PACIMONOKEHHBIX BOJM3M TOBEPXHOCTH, MOTYT HOKHHYTb
obOpaserr. Okono 65 % perucTpupyeMbix KOHBEPCHOHHBIX BJICKTPOHOB ¢ SHepruer 7.3 k3B oOpasyrorcs B
cnoe riy6uHoit ~600 A u 95 % — B cioe ry6uHoit ~3000 A 0T HoBepxHOCTH.

Takum 00pa3oM, [AETEKTHPOBAaHWE KOHBEPCHOHHBIX M OXKE—3JIEKTPOHOB IIO3BOJSIET IIOMYYUTH
MeccOayIpOBCKHUE CIIEKTPHI sAep *"Fe, HAXO/ISIIIXCA B HOBEPXHOCTHBIX CIIOSAX ITy61HOM ~3000 A.

YyBCTBUTEIPHOCTh METOJA 3aBUCUT OT KOHLICHTPALMM KEJie3a B MOBEPXHOCTHBIX CIOSX W OTHOLICHUS
YrCIia KOHBEPCHOHHBIX 2JIEKTPOHOB K (oHY. | maBHbIA BKIaq B PoH 1aét hoTodPdeKT Ha qPYTHX IeMeHTax
(xpome °'Fe), BXOAAIMX B cOCTaB 06pasia. OH BOBHHKAET IPU PACCESHUU TAMMA—KBAHTOB, HCIIYIICHHBIX
WCTOYHHKOM. UyBCTBHUTEIBHOCTh 3TOT0 METOAA MOXKHO YIyYIIHThb, B YACTHOCTH HMPUMEHSS MHOI'OCIOMHBIE
0o0pas3mpl M CcYéTYnky C OOMNBINON IUIOMIAABI0, a TakXke Oojee MOIIHBIE MeccOay’POBCKHE HCTOYHHUKH.
OTHOIIICHUE CUTHAJ / IITyM MOKHO YBETHYMTh 33 CUET CHIKEHUs (DOHA OT (DOTOAICKTPOHOB, TPUMEHsIs Oojiee
COBEpILECHHBIE IKCIIEPUMEHTAITBHBIC YCTPOHCTBA.

[Ipn m3ydeHNN MMIDIAHTAIlMA WOHOB IierecooOpasHo Hapsmy ¢ MCKD mpumeHeHHWe Qpyrux MeETO[OB,
TaKMX, KaKk KaHAJUPOBaHWE WOHOB, TPOCBEUUBAIOIIASl 3JICKTPOHHAS MHKPOCKOMUS, PEHTTEHOBCKas
(doToaMHCCHs, OXKe-CHEKTPOCKONHUs. BBICOKass UYyBCTBUTEIBHOCTH MeECCOaydPOBCKOM CIEKTPOCKONUHN K
Ha4yalbHbIM CTa[JusAM IIEPEPACIPEACIICHNSI aTOMOB COEAMHSIETCS B HEM C BO3MOYKHOCTBIO aHAJIM3a TOHKHX
MOBEPXHOCTHBIX CJIOEB MAacCHUBHBIX 00pa3LoB. sl 3TOro Meroga XapakTepHBI IMPOCTOTA, OTCYTCTBUE
CIICIHMAJIbHBIX TpC6OBaHI/II71 K IIOAT'OTOBKE O6p33HOB, BO3MOKHOCTbD IMOJTYYCHUA KOJIMYCCTBCHHBIX JaHHBIX.

2.3.1. MeToabl perucrpauyum 3J1IeKTPOHOB
KOHBEpCUm

Peructpanus cniekrpoB MCKD mpousBogutcsi ¢ moMompio dPQGEKTUBHBIX CYETYHKOB 3JIEKTPOHOB,
MO3BOJISIOIINX JOOUTHCS BBICOKOW 3()()EKTUBHOCTH PETUCTPALMU IEKTPOHOB BHYTPEHHEH KOHBEPCHHU.
Hns uccnemoBanust (a3oBOro COCTaBa MOBEPXHOCTHBIX CIIOEB JKEJIE30COAEPKAIMX MaTepHalioB
HCTIOJTb30BAIH MeccOaydIPOBCKYIO CIIEKTPOCKOIHMIO Ha spax  Fe& B TeOMETPHH 00PAaTHOTO PACCESHHS C
peructpauueil mekTpoHoB BHyTpeHHEH koHBepcun (MCKD. OcHoBHbIM 31emeHToOM MCKD sBisiercs
JETEKTOpP KOHBEPCHOHHBIX AJIEKTPOHOB.

BonpmmHCTBO  3KcmepumeHnToB mo MCKD mpoBoamimMch € HMCHOJNB30BaHHMEM — MPOTOYHBIX
NPOMOPIUOHAIBHBIX CUETYUKOB CO CMECBIO TeJNWH-METaH W CTaHAapTHOrO O0OpyJOBaHUS IS
PETUCTpaluU CIIEKTPOB B T€OMETPHU OOpaTHOro paccesHusi. Takas reomerpus TpeOyeT perucrpaunuu
3JIEKTPOHOB B OOJBIIOM TEJIECHOM yriie ® W MO3BOJIAET MPOBOAMTH aHAJIHN3 MPHUIIOBEPXHOCTHBIX CIOEB
o0OpasioB 000 ¢GopMbl u pasmepa. MOXHO JTOOUTHCS IPPEKTUBHOCTH PETUCTPAIUU TEITUCBBIX
CUETYMKOB Il HU3KO3HEPreTUYECKUX 3JIEKTPOHOB, ONM3KOM K 1, MOCKOJIBKY OHHM HEUYBCTBUTEIBHBI K
MaJA0IEMy U PacCETHHOMY raMMa- M pEHTT€HOBCKOMY M3JIyYEHUSIM.

KoncTpykumst ra30BBIX CHETYMKOB OYeHb mpocTa. OHHM COCTOST M3 OAHOW WJIM HECKOJIBKHX aHOTHBIX
MPOBOJIOYEK, IOMEIEHHBIX B 00beM C padounM ra3om, a o0paser] (3a3eMJICHHBIH) PacloaraeTcsi ¢ OTKPBITON
CTOPOHBI Ta30BOTO O0BEMAa. OTH CUETYMKH OYEHb pa3sHOOOpa3sHbl M MOTYT OBITh CHENaHbl CaMbIX
pa3HooOpa3HeIX (HOPM U Pa3MepoB, B 3aBUCHMOCTH OT TpeOOBAaHMUU B TAHHOM KOHKPETHOM JKCIICPHMEHTE.
Opnako xopomasi paboTa TakuX CYETYMKOB TpeOyeT HaJIeKHOM AIEKTPHYECKON 3KPAHUPOBKH, YMEHBIIICHHUS
¢oHa (4TO MOXKET OBITH JOCTHIHYTO MCIIOJB30BAaHHEM IS Y3JIOB CUETYMKAa MaTepUalioB C HEOOJBILIMM
aTOMHBIM HOMEpOM) W TINATENLHOW (DMIBTPAIMU M KOJUIMMAIMK Najaromiero mydka. OOBIMHO B KavecTBe
KOHCTPYKIITMOHHBIX MAaTEepPHAIOB HCIONB3YIOTCS: Ui KapKaca — JIIOCHTOBas O0ONOYKa, ISl aHOAOB —



BOJTL(PaMOBast POBOJIOKA TOMMIIMHON 30 MKM, IS 3JIEKTPHUECKON IKPAaHUPOBKHU — alfOMHIHHEBas ¢oipra. B
KadecTBe pabouero raza oOBIMHO HCIONB3YIOT JIMO0 cMech u3 90 % remus u 10 % Merana, THOO YUCTHINA
reqmi. AHOIHBIN ToTeHyan n3Mersieres ot 1000 mo 1500 B.

Ha puc. 11 cxematuvecku H300paKeH CUETUMK, MCIONB3YIOUIMICS JIIsl HEPa3pyIIAIOIIEro KOHTPOJIS
MatepraioB ¢ momomnteio MCKD B reomerpun obpatHoro paccesHusl. CHIbHBIE MCTOYHHWKH TIO3BOJISIOT
OBICTPO HAKOIIUTH CIIEKTP, HANPHMEP, TSI MCTOYHHMKA ~ CO ¢ akTHBHOCTBIO 10 MK XOpOuIHii CIIEKTp OT
OOBIYHBIX HEOOOTAIICHHBIX O00pa3loB HAOWpaeTcsi B TEUCHHE HECKOJBKMX YacoB, HAIpUMEp IpU
ucrionb3oBaanss MCKD mist xoHTpoms u3menwii winm wHCTpyMeHTOB. B atom ciiysae MCKD momoraer
BBISIBUTH (Da30BBI COCTAB MOBEPXHOCTHBIX CIIOEB MaTepHaia W €ro W3MEHEHHS B Pe3yJbTare Pa3invHbIX
MEXaHUYECKUX, TEPMUUCCKUX WIM XUMHUYCCKHUX 00pabOTOK. ['MOKOCTh KOHCTPYKIIMH Ta30BBIX CUYCTYHKOB
TMO3BOJISIET MCIOJIL30BATh UX B PA3JIMYHBIX HECTAHIAPTHBIX CUTYAITHSIX.

Jlrocumosstii Kapkac
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Puc. 11. KoHcTpyKIys NponopuuoHAJIBHOI0 cYeTYMKA VIS aHaJIu3a (a3 Ha noBepxHocTn MeToaom MCKD
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Puc. 12. Cnekrpst MCK?3, nimiocTpupyomue
CeJIeKTUBHOCTH MO riyouHe cnekrpoB MCK?J
115 paccenBaTesi, odoramentoro Fe® (90 %),

M COCTOSIIIEro U3 IUIEHKH KeJle3a ToIuHoii 250 A,



OnHO M3 BaKHBIX MPEUMYILECTB I'a30BOTO I'eJIMEBOr0 CUETYMKA — BO3MOXKHOCTh OMNPENENICHNsT YHEPTUN
BBUIETEBILHX YIEKTPOHOB.

AHamm3upysl BENMYMHY OTOM DHEPTHUH, MOXKHO OIPENeNHTh TIyOWHY, Ha KOTOPOH 00pa3oBaicCh
ANIEKTPOHBI, TO €CTh OCYILECTBHUTH MOCIOWHBIM aHAIU3 CTPYKTYphl oOpasuma. Martepuan oOpasua IOJKeH
00nagaTh MEKTPUIECKO MPOBOJMMOCTEIO, a caM o0pasel] JIODKEH UMETh XOPOLIWA KOHTAKT ¢ KOPITyCOM
CYETYHKA.

CeneKTUBHOCTD PErUCTPAIH 3JIEKTPOHOB IO TIIyOWHE MOJHOCTHIO ONpenesisieTcsl CpeHer UTMHON
cBoOofHOTO TMpoOera Oe3 TOTEph SHEPrUH, KOTOpas 3aBUCUT OT HAayalbHOM DBHEPrUM 3JIEKTPOHA.
OKCrepUMEeHTabHAsT JAEMOHCTpALs CEJIEKTMBHOCTH 10 TDIIyOMHE MpPOWUIIOCTPUPOBAHA CIIEKTPaMH,
TIPUBEICHHBIMU Ha pHC. 9. AHaNIM3 COOTHOIICHUS MEXTy 3€€MaHOBCKOH KapTHHOW (TIOBEPXHOCTHBIN CION
enesa TonmuHol 250 A) u oTenbHoOl MMMl (rTyOoKUe CloM CTal) B CIEKTPax, 3apericTPUPOBAHHBIX
IUISL Pa3iMYHBIX AMANa30HOB SHEPIHH SJIEKTPOHOB, MO3BOJISIET M3MEPHUTH 3aBUCUMOCTbH JOJIM 3JIEKTPOHOB,
UCITYCKAIOIIMXCSI M3 IOBEPXHOCTHOTO CJIOS U MOKUAAIOIIMX 00pasel, OT 3Hepruu 3eKTpoHoB. Okono 91 %
3aperucTPUPOBAHHBIX AIEKTPOHOB ¢ HadabHOU 3Heprueit 7,3 KaB (35eKTpoHOB, He HCHBITHIBAIOLINX TTOTEPh
SHEPIHHM), BBUIETAIOT U3 TIOBEPXHOCTHOTO CJI0SI TONMIIMHOM 250 A.

Bonbias 4acTh 31eKTPOHOB ¢ 3Heprueit 6,6 KaB (89 %) BBIXOAUT ¢ NyOMHBI, Mpesbimatommei 250 A.
Pe3ynbTaTel UI3MEpeHHii COTNNacyroTcs ¢ TEOPETUUECKUMH pacueTaMHt.

N3BecTHBIE KOHCTPYKIIMM T'a30pa3psIHBIX JETEKTOPOB KOHBEPCHOHHBIX 3JIEKTPOHOB IMpeIHAa3HAYECHbI
U1 paboThl TOJIBKO C OXHUM OOpPa3LiOM M HEYAOOHBI Uil M3Y4EHHs HEOAHOPOIHBIX IO CBOHCTBAM
MaTepHajoB.

Jns uccnenoBaHusi MPOTSHKEHHBIX 00pas3loB, MOJBEPrHYTHIX HEPABHOMEPHOMY M0 IUIOINAAH
BHEIIHEMY BO3JCHCTBUIO, HAalpUMEp, BOCCTAHOBJICHHUIO, KOPPO3UH TEpPMOMEXaHHWYECKOHl o00paboTke,
CBapke, OOIydeHHIO ObUI CKOHCTPYHPOBAaH M H3TOTOBJIEH KACCETHBIH AETEKTOP KOHBEPCHOHHBIX
9JIEKTPOHOB, TO3BOJISIONINI OCYIIECTBIATh IUIABHBIH BHIOOp pa3NUYHBIX YYAaCTKOB ITOBEPXHOCTH
uccienyemoro Matepuana (puc.11). Kopnyc 1 u3roToBieH W3 MarHusi ¢ I€JIbIO yMEHbIICHHS (OHA.
Kamepa cuerynka nMeeT MpsAMOYroJbHOE CeYeHHe ¢ BHYyTpeHHMMH pazMepamu 400Mmx 25Mm x20MM.
Brons xamepsl pacnojoXeH HampaBISIOMIMN BUHT 2, YKPEIUIEHHbI B MOALIMIIHUKE 3 W BaKyyMHOM
caJibHUKE 4. MpH BpAIICHUH BUHTA 2 MPOMCXOAMT IEPEMEICHHE KacCeTbl 7 MO BHYTPEHHUM Ia3aM
kamepbl. Kaccera 7 mpezacraBnsier co0oil MPSIMOYTOJNBHYHO PaMKy C BHEMIHHUMH pazMmepamu 200mMmx
20mMMx15MM, uepe3 pe3b0y, B BepXHEH UYaCTH KOTOPOH NPOMCXOTUT COENWHEHHE KacceThl 7 C
HaNpaBJIIOLIMM BUHTOM 2. B kaccere MokeT ObITh MOMEIEH NPOTSHKEHHBIN o0pasen 9 pasmepamu 10
200mmx 20mm w10 obpasior momanpo 20Mmx 20MM kaxkasiid. Kpernerne oOpas3IoB K Kaccere
MPOMU3BOJUTCS C MOMOIIBIO KPBIIIKU 6 C PE3MHOBBIM YILIOTHEHHEM 5.

BBox y- n3My4eHus B CUETYMK HPOU3BOAUTCS Yepe3 OKHO AUAMETPOM 18 MM, 3aKpbITOe OepHITHEBOH
¢donbroii TomuuHON 0,1MM. 32 OKHOM KpeIsTCS KOJUTUMATOPHI, OTPEJISISIONINE Pa3Mephl UCCIIETyeMOro
y4acTka. AHOIOM SIBJISIOTCS JBE BOJIb(paMoBbie HUTH auameTpoM 0,02MM. PaccTosiHue Mexay HUTIMU
paBHO 2MM. Beicokoe HampsyKeHHe K HUTSIM MTOJIBOJTUTCS Uepe3 AIEKTPUIECKUH BBOA B Kopiyce 1.
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Puc.13. Cxema KacceTHOr0 /eTeKTOpPa KOHBEPCHOHHBIX JJIEKTPOHOB: 1— pe3uHOBOE
YILUIOTHEHHe, 2— HANPABJISAOIINN CTep:keHb ¢ pe3b00il, 3— Kaccera, 4— KpbIIKa, 5— BTyJKa
ynopHasi, 6— GepuiiineBoe 0KHO, 7— aHOA, 8— o0pa3ubl, 9— kopnyc, 10— BakyyMHBbIH cajJbHUK, 11—
pyuka

OnpeneneHre TMOJMOKEHUsI KacceTbl Mepel IMPOBEACHHEM W3MEpPEHU MpOU3BOIUTCS Mepes
repMeTH3aluell CYeTYMKa, a IMOCJIEAYIOIINN BBIOOP MCCIEAYEeMOro y4acTKa B palOOTaroIleM CUETUYUKE
OCYILECTBISIETCS. HA OCHOBE WM3BECTHOM CBA3M MEXKIY YHCIOM OOOPOTOB PYHYKH, 3aKpeIUIIEMOH Ha
HaIpaBJISIOUIEM BUHTE 2, U PACCTOSTHUEM yYacTKa /10 IEHTPAJIBbHONW OCH KOJIIIMMATopa.

I'azoBas cmeck (He- CH,) BBOmUTCA 1 BBIBOAMTCS depe3 3aJIMBKH, OJJHA U3 KOTOPHIX PacIojiokKeHa
OKOJIO OKHA, a BTOpasi - OKOJIO BAaKyyMHOI'O CallbHUKA 4. CKOPOCTh NIPOTEKAHUS Ta30BOM CMECH B CPEIHEM
cocTaBJisia O,SCM3 /MUH.

CrHeKTpel pe30HaHCHOTO PacCesiHUS PErHCTPUPOBAINCH ¢ Momolulpio cnektpomerpa SAIPC- 4M. B
KauecTBE HCTOUHHKA HCIONb30Baics ~ Co B MaTpuie Cr. I'paayupoBKa CIEKTPOMETpa MPOH3BOIHIACK C
ITOMOIIBIO CTAHIAPTHEIX JKEIE30COAePIKaINX raMMa - pe3oHaHcHBIX mormoruTeneit (TCONel551-79).

OnruMuzaiysg pabovnx XapaKTEePUCTUK CYETYMKOB, HAMOJHEHHBIX TEIMEM MPH COOTBETCTBYIOIIMM
o0pa3oM MOJ0OpaHHOM JaBJICHHH, TO3BOJISIET UM paboTaTh mpH Temreparypax Bwiots 1o 30 K. OmHako
UCTIBITAHUS TAKUX CUYETYMKOB MNpHU emie Oonee HU3KMX TEeMIEepaTypax BbISBUIM CHJIbHBIC BO3MYIICHHS,
OOYCJIOBJICHHBIE CITyYallHBIMH MMITYJIbCAMH WU CHJIBHO YMCHBINAIOIMMCS PACXOJOM ras3a. YUHTHIBas 3TH
TPYIHOCTH, HCIIONb30BAaHHE Ta30BBIX CUETYMKOB IIPU TeMmIepaTrypax, MeHblx 78 K, kaxercsa masose-
POSITHBIM.

OTMeTHM SKCIIEPUMEHTHI, B KOTOPBIX CYETYMKU HCHOJIB30BATIMCH JUISl U3MEPEHUH 10 CXeMe COBIAICHMI,
M3MEpeHnil ¢ OOJNBIIMM JUara3oHOM HM3MEHEHUsl YIJIOB MaJeHUs Tamma-myded u it nomydeHuss MCKO
CIEKTPOB B CHWIBHBIX MArHUTHBIX HONSAX. HamonmHeHHblE TrenueM NPONOPLMOHATBHBIE CUETYHKU
npuMersitores: B MCKD B skcrniepuMeHTax, Kak MU HU3KHX, TaK U IPH BBICOKHX TEMIIEpaTypax, IpH 3TOM
CUCTYMK YCTAHABIMBACTCS JMOO BHYTPU KpHOCTara, JuOO0 B CHEHUAIBHO CKOHCTPYHPOBAaHHYIO TIEYb.
MakcuManbHast pabodasi TemrepaTypa Ta30BBIX MPOMOPIMOHATBHBIX CYETYMKOB OrpaHMYEHa TEILIOBON
OMHUCCHEH 3JIEKTPOHOB U YBEJIMYEHHEM 3JIEKTPONPOBOAHOCTH HATPETHIX H30JHUPYIOLIMX MAaTepHaloB.
MaxkcumanbHast paboyast temnepatypa (1100 K) Obina qocTurayta npy HCIOJIB30BAHUH CYETUHKA, Y KOTOPOTO
M30JISILUS MEXKIY KaTOAOM M @aHO/IOM TOAJIep)KUBajIach IPU KOMHATHOM TeMIieparype.

JpyruM TUIoM ra3oBbIX JAETEKTOPOB, YCIIEIIHO HCHONB3YIomMXcs B m3MepeHusx MCKD, spisorcs
rutockonapaiensable JaBuaHbIE cuerynku (I1TIJIC). B TIIIJIC obpaser momkeH THUOO CIIY)KUTH OJHUM M3
3NIEKTPOAOB, TMO0 HAHOCUTHCS B BUJIE CJI0S HA JIEKTPOIHYIO IIACTHHY. [ SKCIIEpUMEHTOB ¢ HICTOYHUKAMHU
3MIEKTPOABI MOKPBIBAIOTCSI 00OTaIlIEHHBIMU MaTeprallaMy ¢ OOJIBIIMMH 3HaYeHUsAMH f-(akTopoB, Hampumep,
KsFe (CN)e3H,O mmm CasSnO,. dnst Toro, 4roObl YBENUYUTH IUIOMIAh TTOBEPXHOCTH TOTJIOTHTENS M,
CIIe/IOBATENIbHO, YYBCTBUTEIBHOCTh CYETYHKA, MOXKHO YCTaHOBHTH JIBa WM OOJbIIE DJIEKTPOAOB. Takue
CUETUHKH MCIIONIB30BAIIICH, HANPUMEp, [l H3MepeHuii criektpoB MCKD  Ha Ta' B TOHKHX TaHTAnOBBIX
mrerkax (1 MKM) M M3MepeHHil CIeKTpoB Ha sapax Fe®, MMIUIAHTHPOBAHHBIX B KPEMHHIA TIPH 033X, HE
npesbimaronux 10 10" moros/cM’. Kpome Toro, MoskHO peructpuposath crektpsl MCKD ¢ momonisio
CIMHTWIIATOPOB. OIMH U3 COCOO0B — IIOMECTHUTH MCCIIENyeMbIi pE30HAHCHBIM MaTepHall B TIACTMACCOBBIN
CLMHTHJUISITOP, KaK B OIMCAaHHOM CUYETYHMKE MOJZOOHOrO THIA C MEJIKOAWCIEPCHBIM MopomKkoM SnO;,
pa3BeieHHOM B kHAKOoM cuuHTHLIATOpe. B MCKD Takke ncnomb3yercss KOHCTPYKLMS 3JIEKTPOHHOTO
ymHOXuUTeIs 6e3 okoH (DY mapku 9643/2 B), uto mo3BoIIsieT H3MEHSTh TemIieparypy oopasiia ot 78 10 800
K.

N300peTeHre KaHAIBHBIX YMHOXHTEJIEH 3JIEKTPOHOB IOBJIEKIO 3a COOOH CYIIECTBEHHOE YITy4llIeHHE
MHOTHX OOJNacTeil CIEeKTPOCKOMHMH. Takhe YMHOXXHTENH, WCHONb3yeMble B KadecTBE JIETEKTOPOB
HU3KOPHEPTeTHUECKHUX IEKTPOHOB, IMEIOT MHOTOUYHMCIIEHHBIE ITPEUMYIIIECTBA, a HX rcnonb3oBanue B MCKD
Bce Bo3pacTaeT. OJHOKAHAIBHBII YMHOXKHUTENb — OCHOBHOM 3JIEMEHT KaHAJIBHBIX YMHOXWTENEH —
npeacTaBseT coOOl Moy TPYOKy, MMEIOIIyl0 OOJbLIOE COMPOTHBIEHHE BHYTPEHHEH MOBEPXHOCTH C
BBICOKHM KOA(D(UIIMEHTOM 3MHCCHH BTOPHYHBIX 3J1eKTpOHOB. [Iprbop paboTaer kak JHINEHHBIH OKOIIEK
HETIPEPBIBHBIA TUHOJ, KOTOPBIH, 32 CYET SMHUCCHM BTOPHYHBIX AJIEKTPOHOB, YCHIIMBACT MAJArOLIUN MOTOK.
OJIMH 5/1eKTPOH Ha BXOJIe MOXKET Ha BbIXoze 1aTh 10 10° a1exTpoHoB. [ToHOE CONPOTHBICHHE KAHATOTPOHA
nopsiaxa 10° Owm, on paboraer npu Hanpsokermsix 2500-4000 B B Bakyyme He xyxe, gem 10~ Topp.

KaHanoTpoHBI HMMEIOT IIMPOKHE BO3MOXKHOCTH JIETEKTHPOBAaHMS M MOTYT HCIONB30BAThCA ISt
PETUCTpAlMil MOHOB, 3JICKTPOHOB, BAKYYMHOTO YIbTpadHoJeTa, MSIITKHX PEHTTEHOBCKHX M ramMMma—ydei.



O dexTrBHOCTD peructpanuu meKTpoHoB Bbicoka (0T 80—90 % mms 0,1 KaB, no 40 % mms 100KsB) u mana
JUTSL PEHTTEHOBCKOTO 1 raMMa-u3nydenws (1-3 %).

Cpenr  BaXHEUIIMX XapaKTEPUCTUK KAaHAJIOTPOHOB CJEAYET YIOMSHYTH BBICOKOE OTHOIIICHHE
CUTHAJI/IIyM (TEMHOBOM CYET HE MpPEBBIMIAeT 1/C), BHICOKUN KOA(PPHUIMECHT YCHICHHS TI0 SJICKTPOHAM,
CTaOWIBHOCTHh pabodell TOBEPXHOCTH, KOTOPYIO MOXKHO JepkKaTbh Ha BO3AyXe 0€30 BCAKUX TOCIENCTBUH, U
KOMITAaKTHOCTb.

Bricokre BpeMeHHbIC XapaKTEPUCTHUKHM KAHAIOTPOHOB OBLIM HKCIOJIb30BaHBI B OKCICPUMEHTAX IO
PE30HAaHCHOMY PACCESHHUIO SApaMH CHHXPOTPOHHOTO W3IydeHHs. B 3THX JKCIepUMeHTax KaHaJOTPOH
BKJTFOUAJICS TIOCIIE CTAPTOBOTO MMITYJIbCA M3ITYYEHHsI, 9TO TIO3BOJIIJIO YMEHBIIUTH (POH OT (HOTOINEKTPOHOB
npuOIM3uTeNbHO B 10 pa3 Mo CpaBHEHHIO C 3ama3/bIBAIONIMM CUTHAJIOM OT KOHBEPCHH JJICKTPOHOB U
MOCJEYIOIIETO paciaia cocTosiHus ¢ sHeprucii 14,4 KaB.

Kanamotpoust mmst MCKD Moryr wWcrmoms30BaThCcsi B KadecTBE JIETEKTOPOB JIIEKTPOHOB B
JUIMHHO(OKYCHBIX MAarHMTHBIX CHEKTPOMETpaX, IHJIMHAPHYECKUX 3CPKAJBbHBIX aHAIM3aTopax W B
OTPaKAIOLIUX CUCTEMAX.

Ha puc. 14 mokazaHa cxema yCTaHOBKH C KaHAJIOTpoHOM 1st m3mepenuit MCKDO.

- Cluree,
—— 035 kB

Hananafbid
" CUEITHEK

—— 25 B
T Ofpoaey

Puc. 14. Cxema ycranoBku st uamepenuii MCKD ¢ moMombi0 KaHAJ0BOI0 CYeTYHKA (KAaHAJIOTPOHA) B
3(ppexTHBHOI reoMeTpUHU

OnrumManbaeie yenoBus st peructparmi MCKD ¢ ucmons30BaHHEM KaHATOTPOHOB CO3MAIOTCS TIPU
ydeTe BCeX BBUIETAIONINX M3 00paslia 3JIeKTPOHOB, 0COOEHHO BTOPUYHBIX AJIEKTPOHOB.

HenaBHo ObutM CKOHCTpYMpOBaHBI M Hcmojib30oBaHbl At MCKD kaHanoTpossl, paboraromye HpH
temriepatype 4,2 K. Takue KaHalIOTPOHBI MOYKHO YCTaHOBHUTH B KPHOCTAaTe, YTO IMO3BOJSIET YIyYIIUThH
T€OMETPHIO U YIIPOCTUTh 000pyAoBaHHE HU3KoTeMneparypaoit MCKO.

MukpokaHaipHble Twiockue aerektopel (MII/I), koTopble mNepBOHAYAIBLHO OBUTH pa3paboTaHBl Kak
YCUIIMTENM JUIA  YBEJIMYEHMSI H300paKCHHH, MO-BHIUMOMY, NPEACTaBIAIOT COOOW HMHTEPECHYIO
IKCIIEPUMEHTATEHYI0 BO3MOXKHOCTE U it MCKD. MIIJ[ — sto maccuB u3 10 — 10 MUHHUATIOPHBIX 3JIEK-
TPOHHBIX YMHOKUTEJIEH, OPHEHTHPOBAHHBIX APATIIENBHO APYT APYTY.

MIIJ] uMeroT Takue k€ MPEBOCXOIHBIE XapaKTEPUCTHKU, KaK KaHAJIOTPOHBI U, KPOME TOTO, OOJIBIIYIO
mromans Bxoza (10 cv?), mpeBocxonHOe pasperrenne no BpemerH (100 IIC) U BEICOKOE MPOCTPAHCTBEHHOE
paspelieHue, orpaHHueHHOE JIMIIH pa3MepaMy KaHAJIOB U paccTosiHueM Mexty HuMH (1020 Mxwm).

2.3.2. AHanun3sartopbl dHEeprum
3JIEKTPOHOB KOHBEpPCUM

Hust m3mepennit MCKD npruMensttoTest pa3HoOOpa3HbIe CIIEKTPOMETPHI 3IEKTPOHOB, Kak ¢ MAarHUTHBIMH,
TaK M C DJIEKTPHUYECKHUMH (POKYCHPYIOUIMMH cHcTeMaMd. K HMM OTHOCSTCS MarHWThHI, JJIMHHO(OKYCHBIE
COJICHOWJIBI, CEKIMOHHBIC CIIEKTPOMETPhI, JJICKTPUYECKUE aHAJIHM3aTOPhl CO  CQEpPUYECKUMHU  WITH
MTHHAPHYECKUMH 3epKalaMH, SIUTATICOMIHBIE OTpakalolmye pemreTk. [lepBrie MOIBITKM MCTIONB30BaTh
SJIEKTPOHHBIE CIIEKTPOMETPHI B MeccOay’pPOBCKOW CIIEKTPOCKOIMM OKA3aJIMCh HEYAAUHBIMU HM3—3a Cla0oi



3¢ PEeKTUBHOCTH ¥ IIYMOB HCIONB30BABIIMXCA JETEKTOPOB (cueTdnky ['eiirepa wiam IU1acTMaccoBbIe
CIMHTWIUIATOPEl ¢ (hoToymHOXKUTENmssMH). cronp3oBaHne KaHAJIBHBIX YMHOXKHTEIEH AJIEKTPOHOB
CYIICCTBCHHO YIYYIIMIO XaPAKTEPUCTUKH CIEKTPOMETPOB M TMO3BOJWIO CO3[aTh HOBBIE KOHCTPYKIUU
aHAJIM3aTOPOB.

CoeHOMAATMBHBIC CIIEKTPOMETPHI HCTIONB30BAMCh B m3MepeHmsix MCKD B campIX pa3HOOOpa3HBIX
BapUaHTaX W JUIA Pa3lUYHBIX IeJield. B 3ToM THIle CIEKTPOMETPOB 3IIEKTPOHEI, HCITYIIIEHHBIE PE30HAHCHBIM
00pa3oM, (OKyCHPYIOTCS Ha AETEKTOp MPOIOIbHBIM MarHUTHBIM MOeM. MarHuTHOTO mosis BeanarHoi 100
I'c BmonHE MOCTaTOYHO IS SKCHEPHMEHTOB C AJIEKTPOHAMH, HMEIOIINMHA SHepruro, MeHpiryio 20 KaB (B
ciry4dae u3orornoB 57-Fe m 119-Sn). O6b19HO Tpu 5 %M MIPOITyCKaHNH MOYKHO JIOCTHYH Pa3pemieHns Mo
3Heprud B 5 %.

Conenoupanbhele  criekTpoMmeTpbl npuMmensiiuck B MCKD Ha wum3oromax 57-Fe u 119-Sn s
WCCIIENOBAHUS Pa3NNIHBIX MarepraioB. OcobeHHO mpocTas W yAoOHas KOHCTPYKIHS COJEHOWAATEHOTO
CIIEKTPOMETpa TSl I3MEPEHHH MPU TeMIepaTypax, He mpeBocxoasmux 4,2 K, Koraa MCTOYHHUK U KaHAIOTPOH
HaxOoJSITCS IPH KOMHATHOM TeMIlepaType, a o0pasell oMenaeTcsi B KpHocTaT. Mcnonp30BaHie MarHUTHOTO
CEKIIMOHHOTO CIIEKTPOMETPA MMEET HEKOTOphIe OCOOSHHOCTH: BBICOKAsi CBETOCHIIA, BEICOKOE pa3pelieHne o
srepruu (topsaka 0,4 %), BOSMOXKHOCTh OXJIXKAATh ¥ MICTOYHUK U TOTJIOTHTENh B KPHOCTATE C MPOTOYHBIM
reJveM U BO3MOYKHOCTb OBICTPO BHOCHUTH M3MEHEHHS B KOHCTPYKILIMIO U UCTIONB30BaTh CHJIbHBIE UCTOYHUKU
(10 HECKOTBKHX KIOPH).

D10 00OpyIOBaHHE WCHONB30BAIOCH B PAa3NUYHBIX OKCIIEPUMEHTaX C BBICOKOIHEPTETUIHBIMHU
MeccOayspoBckumu  niepexogamu (50150 KsB), B dyacTHOCTH, C HM30TONaMH BOJIb()paMa U OCMUSL
W3mepenHsle 171si 00pa3iioB U3 METAILIMYECKOTO BOJb(pamMa U HECKOJIBKUX COSANHEHHUH BOJIb(paMa CIIeKTPhI
TIO3BOJIMJTM  OTIPEJICITUTh Pa3HUILy PaIMyCOB 3apsiia saep B OCHOBHOM M BO30YXKIEHHOM COCTOSHHSAX WU
OTHOIIICHUE KBAAPYIOIBHBIX MOMEHTOB MEPBBIX BO30YXKICHHBIX COCTOSHUN oW u Bw [5]. Bmepssie
m3mepwn dpdekr Meccbayspa i niepexona B 145-Pm ¢ sHeprueri 61 KaB [5], npuuem moryoturens
cocrostn u3 200 Mr pagnoakTrBHOTO ITyToHUS—145 (30 MK).

DJEeKTPOCTATUYECKHE CHEKTPOMETPHI C MWIMHIPUIECKIMH 3epKalaMi HMHTEHCHBHO HCCIIEIOBAINACH U
OBUIO HANAKEHO X MPOMBIIIIEHHOE MPOU3BOACTBO It Oke- U POTOIEKTPOHHOH criekTpockonuu. OHaKo
u3—3a toro, uro i MCKD TpeOyeTrcs perucrpaliusi SJIeKTPOHOB BBICOKMX SHEPrUid, TO MPOMBIIUICHHBIC
aHATM3aTOPHl HE MOTYT OBITh HCIIONB30BAHBI HemocpeacTsenHo. Hampumep, wit MCKD na sapax °'Fe
TpeOytoTcs HampsbkeHust 10 10 xB. Pa3paboranHble aHamM3aTopel MOTYT HMMETh OYEHb XOPOIIHE
xapakTeprcTHki. CKOHCTpYHpOBaHHBIN aHanu3arop umeeT paspemienue 0,5 % u npomyckanue 3 %. OtoT
aHaJIM3aToOp MMEET BO3MOXKHOCTh OJHOBpEMEHHOU peructparwn K-, L- 1 M-31eKTpOHOB KOHBEPCHH aTOMOB
Fe 3a cuer ucmonp3oBaHMS TpexX KaHAJOTPOHOB, PACIIONOXKEHHBIX B TPEX pa3HBIX TOYKaX (HOKaIbHOU
TUTOCKOCTH.

DJEKTPOHHBIN CIIEKTPOMETP C OYEHBb OOIIBIIION CBETOCHIION MOYKHO TIONYYHTh C TIOMOIIBIO ChepraecKoro
ANEKTPOCTATHIECKOTO KOHJIEHCOpa. PasperieHrie W TPOIYCKaHWE TAKOTO CIIEKTPOMETPA OMNpeeNnsercs, B
OCHOBHOM, TapaMeTpamMy BXOJHOHM KOJBIIEBOH IIENH, HalpUMeEp, pa3pelleHre Mo SHEpPrur cocTaBisieT 2 %
npu nporyckaHuu 13 %. OTa KOHCTPYKLHMS KCIONB30Bajach ISl TOUHBIX M3MEPEHHH 3aBUCHMOCTHU
CBEPXTOHKOI'O MarHUTHOTO TIOJISI OT TJIyOWMHBI B TOHKMX MarHWTHBIX ciosx. Hampumep, m3meperns MCKD
criekTpoB K-311eKTpoHOB, BBHIMOJIHEHHBIE IS TWIeHOK Fe,O; , mokazamu yMeHbIICHHEe MAarHWTHOTO TOJS B
MOBEPXHOCTHOM CJIO€ TI0 CPaBHEHMIO C IMojieM BHYTpH obOpasiia ot 51,7 T g0 50,6 Tn. Takue usmepenus
BaXKHBI TSl IPOBEPKH TEOPHUI BHYTPEHHET0 MarHUTHOTO TOJISI TBEPABIX Tell. B cirydae jkenesa monspu3anus
S-2JIEKTPOHOB MOKET OBITh TPOCTO OIpeJiefieHa W3 OTHOIIEHWH WHTEHCHBHOCTH BHEIIHUX JIMHHUN
MecOayIpOBCKUX CHeKTpoB. Takoe ompereNieHre OCHOBAHO HA CIEAYIOUIMX TMPEATIONOKCHUSX: a) JUIS S-
ANIEKTPOHOB, UCITYIIIEHHBIX B KOHEYHOM HECBSI3aHHOM S-COCTOSIHWH, SIIEPHBIN 1epexol m = 1 COOTBETCTBYET
W3MEHEHHIO CIIMHOBOTO MOMEHTA WCIYIIEHHOTO 3JIeKTPOHA BHYTpPEHHEW KOHBEpPCHH; 0) OTHOCHUTEIBHBIN
KOO(QQUIMEHT YaCTUYHON BHYTPEHHEH KOHBEPCHH MPOIIOPIIHOHANICH TIOTHOCTH S-3JIEKTPOHOB Ha SiIpe.

TIpOMBIIIIEHHBIM  3JIEKTPOCTATHYECKMI  DIEKTPOHHBINA  aHanu3aTop (cepuueckuii  cekrop 150°),
npeJHa3HaYeHHBIN 1151 (POTOEKTPOHHON CIIEKTPOCKOINH, ObuT niprcniocotuien st MCKD. TenecHbiid yron
¥ BXOJHAS amliepTypa 3TOr0 aHAIM3aTopa, BUAUMBIE M3 IIEHTpa 00pasiia, COCTABISIOT BeIHMUUHY mopsiaka 0,3
% oT 41 . DTO MPUBOAMT K OYEHH HU3KOH CKOPOCTH cueTa (0KoJIo 1 oTcyeTa Ha KaHaJ 3a 9ac TPH pa3perIeHun
no sHepruu 2 %), YTO JeJaeT METOA JOPOTMM M TpeOYIOIMM MHOTO BPEMEHH MO CPaBHEHHIO CO
cdepruueckuM aHaIM3aTOpoM. BeposiTHO, Hawnydiiee Ha cerofnsmHui neHs paspewenue (0,1 % mpu
nporryckaHnd 1 %) IOCTHTHYTO B CIIEKTPOMETPE C 3ama3bplBaiommM mojieM. CIEeKTpOMETp MOXOXK
HaCTaHJApPTHBIC, 3a WCKIIOYEHHEM TOro, 4YTO €ro Juana3oH No dHeprusMm pacmmpeH g0 20 KoB.
Hcnonp3oBaHue A1 OTpaKAIOIIMX PEIIETOK KOH(POKAIBHBIX 3JUIMIICOUAOB BPALIEHHS MO3BOJIMWIO JIOCTUYb
BBICOKOT'O TIPOITYCKaHHSI.



CyIIecTBeHHOW OCOOCHHOCTRIO CIIEKTPOMETPOB OTOTO THIA, HCIIOIL3YIOMNX KOMOWHAITMIO U3
3a7IeP)KUBAIOIINX U OTPAKAIOIINX PEIIEeTOK, SBJISETCS TO, YTO OHM OJHOBPEMEHHO OOJIAAIOT BHICOKUM
NPOIYCKaHHEM W XOpOIIMM pa3perieHreM. BOo3MOXXHOCTH 3THX CHEKTPOMETPOB €Ille He HMCHOIBb3YIOTCS
TIOJIHOCTBIO ¥ OHHM SIBJISIFOTCS. XOPOLIMM CTUMYJIOM ISl ATTbHEHIIIEro MpHUKIaaHoro ucnons3oBanus MCKD.
Hemucrieprupyromuii  CrieKTpoMeTp € 33JepXKUBAIOIIAMH PEIIETKaMi W AIUIATICOMTHBIM  OTPayKAFOIIIM
3epKaJioM obecredrBaeT OOJBIION yron cOopa 3NMEKTPOHOB (27T) C aHAM3ATOPAMH, WCTIONB3YEMBIMH IS
(oTosMHCCHOHHBIX M3MepeHuit. [lomyyeHsl crnemyromue napaMeTpsl: pasperienue nopsaka 10 %, monHoe
TIPOITYCKaHUe — OKONO 35 %, a CKOpOCTh cueTa mopsika 1 orcuera B cekyHmy Ha 1 MKio msoroma °'Co.
CriekTpoMeTp pabotaer B auamasoHe jgaBineHuii 10" Topp, H TO3TOMy OH OyjeT OdYeHb IOJE3eH UL
MeccOayIpOBCKOTO MCCIIEIOBAaHMUS YUCTBIX MOBEPXHOCTEH B CBEPXBBHICOKOM BaKyyMe. Takoe HCTOIb30BaHHE
CONPOBOXKIACTCSI HEOOXOAMMOCTBIO BHOCHTH B Kamepy JONOJHHUTEIBHOE O000pYyIOBaHHE, MO3BOJISIOLICE
W3rOTaBIIMBATH 00pasell «in situ» 1 TyT ke 00padaThIBaTh €ro U UCCIIEI0BATh, 00pa3el] MOKHO PacroiaraTs B
Pa3IMYHBIX TOUYKax, MepeMelarth ¢ MecTa Ha MecTo. B 3ToM ciydae il OYMCTKH TOBEPXHOCTH HYXEH
WCTOYHHK MOHOB aproHa, HyxHO oOopynoBanue misi MCKD, ¢otoanexktponHoit U Oxe-CreKTPOCKOMN 1
00opymoBaHue I HarpeBaHUsI WITH NCTIAPEHHSL.

AnprepHaTHBHBIA yTh TpoBeneHnss MCKD n3MepeHni, CEIeKTUBHBIX IO TIIyOWHE — WCIIOJIb30BaHHE
JICTEKTOPOB 3JIEKTPOHOB C BBICOKMM paspellieHHeM TI0 3HEPruM, Takhe, Kak IOBEPXHOCTHBIE OapbepHBbIC
KPEMHHEBBIE IETEKTOPHI C OYeHh TOHKUM HEaKTHBHBIM CJIOEM. BBUTH MCTIBITaHbI CEKTPOMETPBI, B KOTOPBIX
HCTIONIH30BAITUCH MTPOCTPAHCTBEHHBIE TTOBEPXHOCTHBIE KPEMHHUEBEIE JIETEKTOPHI ¢ pasperienneM mopsiaka 500
3B. Takue CHIEKTpOMETpbl MOTYT OBITh OYeHb S(P(EKTUBHBI H, KPOME TOTO, OHH JAlOT BO3MOXKHOCTBH
OJJTHOBPEMEHHO PETHCTPUPOBAaTh HECKOIBKO MeccOaydIpOBCKMX CIEKTPOB MPH  Pa3MYHBIX DHEPIUsLX
AIIEKTPOHOB.

2.3.3. MCKD B ycnoBusiX NoJsIHOro BHELWHEro
OoTpa>XeHus

CymectBeHHOe yiydiieHne paspemnieHus mo riryomHe MCKD BO3MOXKHO 3a CYET CKONB3AIMIAX YIJIOB
IaJIEHUS] PE30HAHCHOTO U3JIyYEHMsI Ha UCCIIENYEMYHO IIOBEPXHOCTb.

B tpaguionnoit MCKD n3MeHeHMe aMILIMTY/bl TaJaroIeid BOJHBI B CPEJIE OMPEASIACTCS OOBIYHBIM
SKCIIOHEHIIMAIBHBIM  3aTyXaHHEM; NPUYEM TMOMIOMICHUE M3IYYEHHMs KaXIbIM CIIOEM HE 3aBUCHT OT
HIDKEJIEKAIINX CIIOEB; OHO HETIOCPENICTBEHHO CB3aHO ¢ PYHKIHEH 00pa30BaHHsl BTOPUYHBIX YaCTHII.

Cutryanusi 3HAUMTENILHO MEHSICTCS TPH CKONB3SIINX YIVIaX TMaJeHWs W3ITydeHuss Ha oOpasel, Korzaa
aMIUTUTYJa 3epKaJIbHO OTPXEHHOH OT MOBEPXHOCTH OOpaslia BOJHBI 3HauMTelIbHA. B 3TOM ciyuae, Bo—
MEPBBIX, aMIUTUTyJa MOJNA Ha MOBEPXHOCTU OTIMYAETCS OT aMIUIMTYIbl NMAJAIOIICH BOIHBI, BO—BTOPBIX,
3aTyXaHHe BOJHBI B CpEJC CBS3aHO HE TOJBKO C MOIJIOMIEHHEM, HO W C (POPMHUPOBAHHEM 3EPKAIBHO
OTp@KEHHOM BOJIHBI M, B—TPETbUX, B MHOIOCIOHHOW cpezne BcaencTBHe 3(PQEeKToB MHOromy4eBoil
MHTEP(EPEHIINN B KaXKIOM CJI0€ N3MEHEHHE aMIUTUTYBI TIOJIsI C TITyOMHOMN HE SIBIISICTCSI MOHOTOHHBIM.

Ilpu momnom BHemnHeMm oTpaxkenuu (IIBO) or mi€éHku monme B HEW MpeACTaBisieT pe3yabTaT
MHOTOJTy4eBOH HHTEpPEPEHIINH BOJH, TOCIIEIOBATENILHO OTPaXKAEMBIX €€ TIOBEPXHOCTIMH.

AMIIUTYTHBIA KO3(GQUIMEHT OTPaXKEHUS U TIPOITyCKaHus JUIsl TNIEHKU TonmuHol d naéres hopMynamu
Oiipu:

o no + r23e2|kd77n

: ; 2.9
1+ r12r23e2|kd77n (2.9)

t =
- ' 2.10
1+ r12r23e2|kd77n (2.10)

TIE Tip, 23, 12 W ty3 — PpeHeneBckue Ko3ULIUEHTH OTPAXKEHHS 1 MPOITYCKaHUS HA BEpXHEH M HIDKHEH
TpaHHIIE.

OO0riee BeIpa)keHUE TSI BRIYHMCIICHUS] THTEHCUBHOCTH M3JTyYeHUsI B TIEHKe yepe3 Bekrop [loitHTrHTa S B
cpeze:
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rae g — eMUHIYHBIN BEKTOP HOPMAJTH K TIOBEPXHOCTH. [10Tepr HHTEHCHBHOCTH M3Ty4YeHHs B cioe dz ,
KOTOpBIE TOIIIN Ha BO30YK/IEHNE BTOPUIHBIX MIPOIIECCOB:

dl C /| v l= 2
— = ——2knpnn E(Z)| ;
dz 8 (2.12)

rae 7ng = Re(ma), 7'ng=1m(1na);
2}]/[]77//n =Im (/{naﬂ + ln;zd (Ey )) ’

’ 0 o .

e yn U yn ( E, ) — BOCIPUMMYHBOCTH SIEKTPOHHOMN M SIEPHOM TIOJICHCTEM COOTBETCTBEHHO, TIEPBHIE

CBsI3aHBI C 00pa30BaHHEM (POTOIICKTPOHOB, a BTOPbIE — C BO30YXxJAeHHEeM siyiep. DyHKIusS oOpasoBaHuUs
31eKTpoHOB A( z, E, ) B cioe dz Ha rimyOuHe z uMeeT BU:

2
1 |E(z, Ey)
A(z, Ey) = Ioa)pr ores (Ey) - ' (2.13)
1o 0

rae 6 ( E,)— ceuenue symepHOrO pe3oHaHCHOTO noriomnieHus, N — IDIOTHOCTh PE30HAHCHBIX s/Iep B
equHULE 00bEMa, f— BepoaTHOCTB dddekTa Mecchayspa, mp— BEPOSITHOCTb 00pa30BaHUsl KOHBEPCUOHHBIX
JJIEKTPOHOB BHJIA P Ha OHO BO30YXIEHHOE PO, g — MHTEHCMBHOCTH T IAFOIICH BOJTHBIL

Pacuér cnekrpa MCKD Brmovaet unTerpupoBanue (2.11) mo Beeit riayOnHe 00pasiia ¢ y4eToM BBIXOJa
KOHBEPCHUOHHBIX JJIEKTPOHOB, TaK KaK INIyOMHA NPOHMKHOBEHHMs MAJAIOLIEr0 HM3IydeHus B oOpasen B
yenosusix [1BO ovenp mana ~ 10 HM, 3Ta pyHKms cnabo Bauser Ha Gopmy MCKD npu CKONB3SIIIMX yriiax
nasieans. Bo30ykaeHne BTOpUYHBIX mporieccoB B ycmoBusax [IBO oT min€HkH cymiecTBEHHO OTAMYaeTCs OT
ciydass AU(PPaKIUN HEOOXOAMMOCTBIO y4éTa MHTEP(EpPEHIMOHHBIX IOTOKOB, Korna ¢yHkiwms A(z, E))
NPONOPLMOHANIbHA Pa3HOCTH BXOISIIMX M BBIXOISIIMX IOTOKOB B cioe dz. Yu€r mHTepdepeHINOHHBIX
MOTOKOB B 00meM ciydae [IBO oT cucTeM aHM30TPONHBIX MECCOAyIPOBCKUX IUIEHOK OCIOMKHICTCS
uHTEpEPEHIINEN BOH C Pa3IMIHON MTOJSIPH3AIIUEH.

2.4. DNeKTPOHHbIW NapaMarHUTHbIX pe3oHaHc (3MP)

PaccMOTpuM HM30/TMpOBaHHYIO YacTHILy, KOTOpas oO0JaJaeT MEXaHWYeCKMM MOMEHTOM KOJHMYEecTBa
JBIKEHHS (KBAaHTOBOE YMCIIO F), COOTBETCTBYIOLUIMM MarHUTHBIM MOMEHTOM // W IIOMEIIEHa BO BHEIIHEE
marautHoe 1oje H. Kak ykaspiBanoch BbII€, H3BECTHO, YTO MATHUTHBINA 1 MEXaHUYECKHI MOMEHTHI CBS3aHBI
cootHomeHneM 1 = QuyF , rae p,— snexrpoHHsbIi win spepHblil MarkseToH, g — dakrop paciiervieHus. Bo
BHEIITHEM MAarHUTHOM II0JIe TPOHMCXOIWT OPHUEHTHPOBAHWE MAarHUTHOTO MoMeHTa. [Ipoekumsi MarHWTHOTO
MOMeHTa Ha HarpasieHue H mpu stom paBHa 4'= My /F, e m — MarHuTHOE KBaHTOBOE 4HCIO. Kaxmoit
OpPHEHTAIlM MarHUTHOTO MOMEHTa COOTBETCTBYET CBOSI DHEPIHs B3aWMOEHCTBHUS YaCTHIBI C MAarHUTHBIM
noieM E = —mMu H/F .PaccrosiHiie MexIly COCEHUMH YPOBHSIMU JJIsl BCEX Tap YpPOBHEH OKa3bIBAaeTCS
omuHakoBbIM 1 paBHbiM AE = Qg H

Ecnu Tenepr mapaMarHUTHYIO YacTHILy HOABEPrHYTH BO3JECHCTBUIO NMEPEMEHHOIO MAarHUTHOTO IIOJIS
PE30HAHCHOM YacTOThI V, , TAKOIO, YTO BEJIMYMHA KBaHTa NV B TOYHOCTH COBNALAET ¢ pacCTOSHUEM MEKILY

ypoBusimu AE , a HanpaBiieHHe MarHUTHOTO TOJISI TIEPIICHAUKYIISIPHO CTATUYECKOMY MAarHHUTHOMY TIOJIFO, TO
OymyT MPOMCXOIUTH TEPEXOIbl MEXIYy COCEAHMMH YpPOBHSAMH SHeprud. Ilpum 3ToM yclIoBHE MarHUTHOTO



pesoHaHca npumert Bux N vy =g, H.

Tlepexonpl ¢ HWKHUX YPOBHEM Ha BEPXHHE U C BEPXHHUX YPOBHEW Ha HIKHUE MPOUCXOJAT C PaBHOM
BEPOATHOCTHIO. B OOBIYHBIX YCIOBHSX 3aCEIEHHOCTh HIDKHHMX JHEPreTHYECKHX YpPOBHEW (WHCIIO YaCTHI] C
MCHBIIICH OSHepruei) OoJsbllle, YEeM BEPXHHUX, I[OITOMY MPeoOJIANalOT TMEepPeXoibl CHU3Y BBEpX,
COIPOBOKAAIOIIUECS MOTJIOMIEHHEM SHepruu. [Ipu 3ToM 3aceneHHOCTh YPOBHEM YpaBHUBACTCS U JalbHEH-
1ee TOTJIOIEeHNe PaAroYacTOTHON SHeprun mpekpamaerca. OmIHaKo ecii CHCTeMa MarHUTHBIX MOMEHTOB

BCEX IMapaMarHUTHBIX YacTHIl (CIIMHOBAs CHCTEMa) MOYKET B3aMMOJICHCTBOBATh C «PEMIETKOI», K KOTOPOH

OTHOCSITCSL BCE OCT&IbHBIE CTCIICHH CBOOOJBI MapaMarHeTWKa, W B PE3yJIbTaTe TaKOro B3aMMOJCHCTBUS
nepe/iaBaTh TMOJNYYCHHYIO OT DPaJMOYaCTOTHOIO TOJS SHEPrHI0 PEmEéTKe, TO PE30HAHCHOE MAarHUTHOE
TIOTJIONIEeHNE OY/IeT HOCUTh CTAIMOHAPHBIA XapaKkTep U MOXKET ObITh 3apETHCTPHPOBAHO.

OJNEKTPOHHBIA TapaMarHuTHBI pe3oHanc (OIIP) sBiseTcs OmHMM W3 TPOSBICHWNA MAarHUTHOTO
pE30HAHCa, PACCMOTPSHHOTO BBIIIE, PE30HAHCHBIC MEPEXOJbl MPOUCXOMAT MEXKIY YPOBHSMH, KOTOpBIC
OOYCJIOBIICHBI B3aWMOJICHCTBUEM C MArHWUTHBIM IOJIEM MarHUTHBIX MOMEHTOB BJICKTPOHOB (3IIEKTPOHHBIX
000JI09eK aTOMOB W IOHOB).

2.4.1. Metoabl HabnwgeHusa MNP

[pumeHsiemas B HacTosIIIEe BpeMs MeToIKa uccienoBanus DI 1P oCHOBBIBaeTCs Ha HAOFOICHUY 32
KaKUM—ITN00 TTapaMeTpoM PaoTEXHUYECKOI CXEMBI, I3MEHEHHE KOTOPOT'O CBSI3aHO C N3MEHEHHEM
BBICOKOYACTOTHOTO TIOJIS U 00ycioBneHo DIIP.

C BKCIIEpUMEHTAIIBHON TOYKH 3PEHHUS BCe METO bl HaOtoaeHus: DI1P MOXKHO pa3ienuTh Ha JIBe OOJbIITE

rpynmsr: 1) meronsr mccnenosanmst DIIP B mukposonnooM muamasone (10'°+10'" T'm); 2) meromsi

6 9
uccienoBannss DIIP B pamuouacrotHom amamaszone (10° +10° T'm). HawmGonblmee pacrmpoctpaHeHue
O/ METO/IBI TIEPBOM TPYIINBI, TAK KaK OHU 00J1aIal0T TOpas3ao OOJbIIeH 4yBCTBUTEIBHOCTHIO.
[To YyBCTBHTENBHOCTH BCE PAIHOCIIEKTPOCKOIBI YCIOBHO MOJKHO pa3[eliMTh Ha TPU TPyIIbL 1)

BHICOKOUYBCTBHTENBHBIE PATHOCTIEKTPOCKOIEI, ¢ TOMOIIBI0 KOTOPHIX MOJKET OBITh 0OHapyskeHo MeHee 10
monert quennnmukpuiruapasuna (JPII); 2) paauocneKTpocKorbl CpeiHel YyBCTBUTENHLHOCTA — MOXKET

-7 -9 . .
Ob1Th 00HapyxeHo 107" +107" momeii JI®IIT; 3) pagHOCIEKTPOCKOIBI HU3KOM YyBCTBUTEIBHOCTH — MOKET

6bITh OOHapyxkeno He menee 107" momeit JIPIIT. JludeHMIHKPAITHAPA3IT SBISETCS OOMICTIPHHSTHIM
KaTMOPOBOYHBIM cTaHAapToM Tpu m3MmepeHun crektpoB OIIP. (Omma mmmmrpamm JIOIIT comepxwut

npumepHo 1,5-10° HecnapeHHBIX A1eKTPOHOB.)

MpocTbie MWKPOBONMHOBLIE PaAUOCMEKTPOCKONbI. JInsi W3ydYeHUs] DJICKTPOHHOTO IMapaMarHUTHOTO
PE30HAHCHOIO TMOIJIOIIEHUS] MOTYT OBITh HCIIOJIb30BaHbI, IPEXKIE BCEro, OOBIMHBIC METOMbI M3MEPEHHUS
MarHMTHBIX XapaKTEPUCTHK BellecTBA. B 4YacTHOCTH, MOXKET OBITh NPUMEHEH METOJ| CTOSYMX BOJIH.
CyIITHOCTE €r0 COCTOMT B TOM, YTO BHECEHHE 00pasiia B BOJHOBOIHBIA TPAaKT M3MEHSET KapTHHY CTOSUYEH
BOJIHBI: TIPOMCXOJWT CMEIeHHEe MWHUMYMOB TOJS W W3MeHeHus kodddurmenta crosueii BomHbl llo
W3MEHEHHIO 3THX MapaMeTPOB BO3MOXKHO OIpeCIeHHE aOCOMIOTHBIX 3HAYCHHUN JICHCTBUTEIILHOM U MHUMOM
YaCTH MAarHUTHOW BOCHIPUUMYMBOCTH ¥’ ¥ y". OCHOBHBIM HEIOCTATKOM 3TOr0 METO/A SBIISETCS HU3KAs

YYBCTBHUTEIBHOCTh, TPOMO3JIKOCTh M HEBO3MOKHOCTD M3YUeHUs y3KuX JuHui JI1P.
Paccmotpum Hanbonee TUMYHBIE paguocieKTpockorisl. Ha puc. 15 npencrapiena 610K-cxema mpocToro
CIIEKTPOCKOIIA C IIPOXOIHBIM PE30HATOPOM.

IpuHIMI paboThl 3TOTO CHEKTPOCKONA CIeAyoUril. MUKPOBOIHOBas MOLIHOCTD IOCTIE MPOXOXKACHUS
yepe3 pesonarop P mocrymaer Ha gerektop [I; mocne JETEKTUPOBaHMS CHUTHAN YCHIIMBACTCS YCUITHTEIEM
Hi3KkoiM 4actorel YHY wu moparess Ha BepTUKATBHO OTKJIOHSIONINE IUIACTHHBI ocipuuiorpada. [lpu
W3MEHEHUN HANPSHKEHHOCTH MATrHUTHOTO T1OJsT BOJM3M €ro pPE30HAaHCHOIO 3HAYEHWs BCJIEACTBHUE
MapaMarHUTHOTO TOIJIOLIEHUS HACTyNaeT yMEHbIICHHE NOOPOTHOCTH W PaccOriiacoBaHHE pe30HATopa C
BOJIHOBOJIHBIM TPAKTOM, P 3TOM BEIMYMHA MOIIHOCTH, TMAJAIONICH HA JEeTeKTop, yMmeHbliaercs. I —
reHepatop CBY (0ObrdHO KIHCTpOH), paboTaromuii Ha ¢ukcHupoBaHHOH uactore. @B — eppuToBbIii
BEHTWIb, OOJaJalomnii LEHHBIM CBOMCTBOM NPOIYCKAaTh 3HEPTHI0 NPAKTHYECKH TOJIBKO B OJHOM
HarnpaelieHUH. Vcrosb30Banre (epprUTOBBIX BEHTUIICH HAMHOTO YBEIMUYHMBACT CTAOMIBHOCTH aMIUTATY/IbI U
YaCcTOTH MUKPOBOJTHOBBIX KoJicOaHMil. A — arreHroatop, B — BomHOMep, C — cornacyromme yCTpoHCTBa.
Bonee moapoOHO crietyeT 0oCTaHOBUTHCS Ha pe3oHaTope P, B KOTOpOM noMelaeTcs UccieyeMoe BEIEeCTBO.
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Puc. 15. biok-cxema JIIP cnekTpomeTpa

JKenarenbHo, 4TOOBI pe30HATOP OBUT HEOOJNBIIUX TI'EOMETPHUSCKHX DPa3sMEpOB M 00JIaall BBICOKOM
JOOPOTHOCTBO. TIpH MEHBIIMX TEOMETPHYECKUX pa3Mepax Jierde JOOUThCsS TpeOyeMO# HampshiKEHHOCTH
MarHUTHOTO TIOJIsI, €r0 CTAOWIBHOCTH M OJHOPOIHOCTH. BTOpoe TpebGoBaHHEe OOYCIIOBICHO TEM, YTO 4YeM
BBIIIE JTOOPOTHOCTH PE30HATOpA, TEM BBINIE YYBCTBHTEIBHOCTH paavociieKTpockomna. [Ipu mpuMeHeHHH

ITMHAPUYECKUX PE30HATOPOB 0OBIYHO HCTIONB3YIOTCS Konebanust tura Hyq1.

[II1poKo MPUMEHSIOT TaKKe MPSIMOYTOJNbHBIE PE30HATOPBI, B KOTOPBIX BO30YXKIAIOTCS, KaK IMPaBHIIO,

xoneGamms Tuma M1 -

N3meHeHne HanpspKEHHOCTH MAarHUTHOTO TOJS MPOU3BOAUTCS C ITOMOIIBIO TeHepaTopa HU3KOW YaCTOThI
I'HY. Yro6bl MmOJTyYUTh NOCTATOYHO OOMNBLIYIO TIIyOMHY MOIYJSALMHA MAarHUTHOTO IOJSI, MCHOJIB3YHOTCS
HHU3KHE YacTOThl MOAYJISAIMNY, TaK KaK MHIYKTUBHOCTb KaTyIlIeK MOAYJISIMU BCIEACTBHE BIUSHUSA TOJIOCOB
MarHuTa JOBOJBHO Benuka. OOBMHO BBIOMpArOTCS 4acToThl mopsyika S50 /. Bo Bpems mpoxoskmeHus
3HAQUEHHUI HaNpsHKEHHOCTH MarHUTHOIO IO 4epe3 PE30HAHCHOE 3HAaueHHE MPOMCXOAUT MapaMarHUTHOE
TIOIJIOLIEHUE 3HEPTHMH MHKPOBOJIHOBBIX KOJIEOAHUH B pEe30HATOpE, MHA4Ye TOBOPS, MOAYJISALMSA KoJIeOaHWI
CBY u ob6pa3oBaHrHe MHKpPOBOJHOBOTO CHTHaja IOIJIONIEHHUS, TOCJE€ HYero MHKpPOBOJIHOBAs MOIIHOCTh
noctynaer Ha Jerekrop. dopMa POJETEKTHPOBAHHOIO CHTHajla OylIeT COOTBETCTBOBATH JIMHUU
NOIVIOLIEHNUs, M OH OyZeT MOBTOPATBCS MABWKABI 3a Hepuod Moxyauud. llpomeTekTrpoBaHHBIN
MHKPOBOJTHOBBIN CHUTHAJI MTOJaéTCA Ha YCHIIUTENh HU3KO0M yacToThl. [lomoca nporryckanus YHY nomkHa ObITh
JIOCTAaTOYHO OOJIBIIOHN, YTOOBI BO3MOXKHO OBUIO MPOIMYCTUTh HEOOXOAMMBINA HaOop vacToT (psia Dypwe), u3
KOTOpbIX cKkiafpBaeTcsi curHal. C YHY curran moma€rcss Ha BEPTUKAIBHO OTKJIOHSAIOUIME IUIACTHUHBI
ociiorpada, a pa3BEpTKa BO BpPEMEHM OCYIIECTBISIETCSI C IOMOINBIO HAMPSDKEHUsT OT HMCTOYHHKA
MOJYJISIIIAA MAarHUTHOTO Mo, [l coBMeleHusT MPsSIMOTro ¥ 0OpaTHOTO XOoJla 3TO HANpPsHKEHHE MOAaéTcs
yepes (pazoBpamarens D.

OCHOBHBIM JJOCTOMHCTBOM OIMCaHHOIO PAHOCIEKTPOCKOIA SIBJIETCS €r0 MPOCTOTa M BO3MOYKHOCTH
BU3YaJIbHOrO HAOJIFOJICHUS JIMHUM TOTJIOIICHUS Ha 3KpaHe ocrmuiorpada. Takoi crnekTpockon yioO0eH B
HACTPOWKE M M3MEPEHHSIX; C €T IIOMOIIBI0 MOYKHO MPOU3BOANTH OBICTPHIN TTOMCK HOBBIX JIMHHUHA TOTJIOMIEHUS
Y TIPOBOAMTDH MCCIIEOBAHMS BO BCEX CIydasx, KOT/a He TpeOyeTcs BBICOKas YyBCTBUTEILHOCTh. OCHOBHBIM
HEJIOCTaTKOM TOJIOOHBIX CHEKTPOCKOTIOB SABJISAETCA HHM3Kas UyBCTBUTEIBHOCTH, OOYCIOBIIEHHAS! OOJBIINM
YPOBHEM HHM3KOYACTOTHBIX IIyMOB M HU3KHM 3HAYEHHEM OTHOIIEHHUS] CUTHAJI-IIIYM M3—3a IIMPOKOW ITOJIOCHI
nporryckanus YHY.

JpyruM TUNHWYHBIM TIPEACTABUTENIEM MPOCTBHIX PaJUOCIEKTPOCKONOB SIBISETCS CIEKTPOCKON ¢
BOJIHOBOJTHBIM MOCTOM (pHuc. 16).

B kauecTBe BOJIHOBOAHBIX MOCTOB MCHOJIB3YIOTCS TMOO JIBOMHBIE TPOWHMKH, JTUOO TMOPHAHBIE KOJbLA.
Oco0EHHOCTBIO 3THX YCTPOWCTB SIBIISIETCS TO, YTO MOCTYMAIOIIAs OT T€Heparopa MOLIHOCTb, Ionajasi B
BOJIHOBOJIHBI MOCT, TIOCTYTIAeT B Iuteur 2(BHU3Y) U 3(BBEpXY), COBEpIIIEHHO HE MMomaaasi B mieyo 4(crpasa).



K mreay 2 depes cormnacyromee ycrpoictBo C MPHCOSTUHEH PEe30HATOP, MOMEIIEHHBI MEXITy MOTI0CaMHU
marauTta. OTpax€HHasg OT pe30oHaTopa MOIIHOCTH mocTymnaeT B mwieun 1 u 4. Ty gacTe MOIIHOCTH, KOTOpast
unér B 1wiedo 1(cieBa), B JaibHEHIIEM MOXKHO HE YYHTHIBATH (OHA TOMJIONIACTCS ATTCHIOATOPOM A U
(depputoBbM BeHTHIIEM DB).
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Puc. 16. SIIP-cnekTpoMeTp ¢ BOTHOBOAHBIM MOCTOM.

Yacte sHepruu, uaymas B IUe4o 4, cOaIaHCHPYETCS OO HEKOTOPOro ONTHMAIbHOIO YPOBHSL
AwmrutynHas 1 da3oBasi OaaHCUPOBKa TPOM3BOIUTCS cornacyroummM ycrpoiictBoM C B miede 3 (00BIYHO
aTTeHI0aTop). B MOMEHT MpOX0Xk/IeHNST pe30HAHCHOTO 3HAYEHNS] MATHUTHOT'O T10JIs BEIMYMHA OTPaKEHHOM OT
pe30HaTOopa MOIIHOCTH W3MEHSETCS U, CIEA0BATENbHO, U3MEHSETCS BEJIMYMHA MOLIHOCTH, MOCTYNAIOMIEH B
mwieyo 4, T. €. Ha KpUCTALIMUecKuil aerexTop (x). Tlocie neTeKTMpoBaHWS BBIACIACTCS HU3KOYACTOTHBIH
UMIIYJIBC, KOTOPBIM mocie npoxoxzacHus YHY nomaércss Ha BEPTUKAIBHO OTKJIOHSIOIIUE IUIACTHHBI
ocuwtorpada. OueHp BayKHO 3HATh XapaKTep OCTaTOYHOTO pa30ajiaHca MOCTa, TaK KaK OT HETO 3aBHCHUT BHI
HaOJF0IaeMOro CUTHAIA.

HYTM noBbiWeHUA 4yBCTBUTENIbHOCTU MMKPOBOJTHOBLIX PagMOCMNEKTPOCKOMNOB. OCHOBHBIMU IpAYUHAMHU
CHIDKCHHUSI UYYBCTBHUTEIIBHOCTH PaJUOCIEKTPOCKOIOB SBIIIOTCS HEIOCTATOYHO BBICOKAasi CTaOMIIbHOCTh
CHUTHaJIa TIOTJIOIEHHUS 1 OOJBIION yPOBEHb HU3KOYACTOTHBIX IITYMOB.

st Toro 9ToOBI cUTHAN OBUT CTAOMIIEHBIM, HEOOXOAMMO OOECTIEUYUTh BHICOKYIO CTaOWMIIBHOCTH PaOOTHI
BCEX Y3JIOB PAUOCTIEKTPOCKOIIA U, B TIEPBYIO OUEPEIb, CTAOMIBHOCTH YaCTOTHI T€HEPATOpa U HAMPSLKEHHOCTH
MAarHUTHOTO ITOJIS.

B criextpockomnax cpenHell 4yBCTBUTEIEHOCTH CTAOMITBHOCTh YaCTOTH OOBIYHO O0ECIIEUMBAETCS 33 CUET
JJIEKTPOHHOMN CTaOWIM3aIMK HANPsDKEHUN W cTabwim3anyy Toka Hakanma. [IpuMeHeHue IBYXKACKaJIHBIX
JIEKTPOHHBIX CTAaOWIM3aTOPOB W TIOMEIICHWE KIUCTPOHA B MACISTHYIO BaHHY, OXJIAXKIaeMYI0 BOJIOH,
MPUBOANUT K TOMY, YTO yXOJ YaCTOTHI KJIMCTPOHA TPEXCAHTHUMETPOBOTO JMAIa30Ha COCTaBIsIeT He Oonee 1
Ml Buac, T.e. Af / f ~10*. [Ipn oTcyTcTBHM MAacIsTHOM BaHHBI YXOJ YaCTOTHI MOYKET COCTaBHUThH Oojee
JByx MI'11 B uac.

B pamuocnekTpockonax BBICOKOH YyBCTBHTEIBHOCTH MPHUMEHSIOTCS 0O0JICe COBEPIICHHBIC METOIbI
crabmmm3arin  4actoTel. OOBIMHO YacTOTa MHKPOBOJIHOBOTO T'€HEpaTopa TPHBS3BIBaETCA JIMOO K
PE30HAHCHOW YacTOTe OOBEMHOTO pPE30HATOpa BBICOKOW MTOOPOTHOCTH, JIMOO K JTAIOHHOM daCTOTe
KBApLIEBOIO I'eHepaTopa. M3MepeHne 4acTOThl ITPOM3BOIUTCS IMyTEM CPaBHEHHS T€HEPUPYEMOW YacCTOTHI C
yacToTOM »TaroHa. llorpemHocTs B ONpeneneHUud YacTOThl T'€HEpaTopa B 3TOM CIIydae CHIDKAETCS U
nocruraer Besmunn 10107,

Crabunu3anus HanpsDKEHHOCTH MAarHUTHOTO TIOJISE OOBIYHO OCYILECTBISETCS IyTEM CTAOMIIM3AlUK TOKa
JJIEKTPOMAarHuTa Pa3jiMuyHOr0 THIA CTAOWIM3aTOPaMH TOKA, HECTAOMIBHOCTH MATHUTHOIO IOJISI IIPU 3TOM
MOTy9aeTCsl TIOPSIIKa 107, Nsmepenne HanpspKEHHOCTH MAarHUTHOTO TIONS OCYIIECTBIISIETCS C TIOMOIIIBIO
(ITyKCMETPOB, B KOTOPBIX UCTIONB3YETCS SIBIICHUE IPOTOHHOTO PE30HAHCA.

Haubonee s¢ddexTrBHBIM CIIOCOOOM YBEIMYEHHS YYBCTBUTEIHLHOCTH PAJMOCHEKTPOCKONA SBIISETCS
CHIDKEHHC BIVSIHAS HU3KOYACTOTHBIX IITYMOB JETEKTOpa ITyTEM YMEHBIIICHHS TIOJIOCH TIPOITYCKaHMS



MPUEMHOT0 YCTPOHCTBA WITH JKE ITyTEM OTKa3a BOOOIIIE OT YCHIICHHS 110 HU3KOM 4acToTe.
YBenuueHne TyBCTBUTEILHOCTH JIOCTHTAETCS TAKXKE MPU MUCIIONB30BAaHUU PA3IMYHBIX CXEM HaOJIOJICHHS
curHanoB OIIP BBIMOHBIX AJIS1 TEX WM UHBIX PaIUOCIEKTPOCKONOB U BUIOB MOAYJISLIMU MArHUTHOT'O TOJISL.

2.4.2. NNpMeHeHMne 3J1IeKTPOHHOro
napaMarHMTHOro pe3oHaHca.

Onpepenexve AAepHbIX KOHCTAaHT. BianmmopelcTBHE MAarHUTHOTO MOMEHTA Sipa C BHYTPHATOMHBIM
MarHuTHbIM 1ojieM H 4 IpUBOIUT K CBEPXTOHKOW CTPYKTYpe YpoBHEH 3Hepruu aroMa. Hanpasnenue nosnst H
SBJISIETCS OChIO0 KBAHTOBAaHMSA JJIs1 MATHUTHOT'O MOMEHTA 7pa; MOITOMY KaK/AbIH YPOBEHb TOHKOM CTPYKTYpBI
pacmerusiercst Ha (21 + 1) momypoBHel, oOpa3ys runepmyibTarier (I —cmuH sapa). PacctosiHne mMexnoy
KOMIIOHEHTaMU TMIIEPMYJIbTHILIETA B IIEPBOM MPUOJIMIKCHUH OAUHAKOBO.

IlockonbKy BHEIIHEE MAarHUTHOE PAaJUOYacTOTHOE IOJIE BO3AEHCTBYET TOJIBKO Ha MArHUTHBIA MOMEHT
HECIIapEHHOTO 3JIEKTPOHA, TO TNPH IIEKTPOHHBIX IEPEXOAaX OpPUEHTALMs MarHUTHOIO MOMEHTa sjpa
COXpPaHACTCS, T. €. BBIMOJIHsIETCS IpaBmiio otoopa AM = 0.

CBepxToHKas CTpyKTypa cocTouT u3 (21 + 1) paBHOOTCTOAIMX KOMIOHEHT, MO3TOMY HapaMarHUTHBIN
PE30HAHC OKa3bIBAETCSA MACAIBHBIM METOJOM IJIs ONIPEAETIECHHs CIIMHOB Aaep. B Tex ciiydasx, Koraa MOKHO
BBIYMCIIMTh BHYTPHATOMHOE MAarHMTHOE Moje Ha B MecTe pacrmoiokeHusl Aapa, MOXKHO TaKKe HalTh
BEJIMYMHY SIEPHOI0 MarHUTHOI'O MOMEHTA U SIEPHOTO THPOMAarHUTHOTO OTHOIIEHHA. OJJHAKO OYeHb TPYIHO
paccunTath nosie Ha, mO3TOMyY METOX OmpeieNIeH!sI MAarHUTHBIX MOMEHTOB SEP U3 CBEPXTOHKOH CTPYKTYPHI
cnekTpoB DIIP 3HAYUTENBHO YCTYHAET IO TOYHOCTH METOAY SIAEPHOrO pe3oHaHca. B ciyuae, Koraa siiepHbIi
MarHUTHBIM MOMEHT YK€ U3BECTEH, U3 U3MEPEHHs CBEPXTOHKOM CTPYKTYphI criekTpoB DIIP MokHO momyuuTs
TOYHOE 3HaU€HHE BHYTPUATOMHOT'O TOJIs, SIBJISIOIIErOCs BayKHOM XapaKTEPUCTUKOM IEKTPOHHOI'O COCTOSHHUS
aToMa WM HoHa. Ho mpuBeneHHBIE pacCyXIEHHs, U3 KOTOPBIX BBITEKAET PABEHCTBO PACCTOSIHUN MEXIY
JIMHUSIMA CBEPXTOHKOM CTPYKTYpBI, CIpaBeIIMBbI JIHIIL B TOM CiIydae, KOrja BHEIIHee MAarHUTHOE ToJe
MHOTO CHJIbHEE TOJIf, CO3JaBaeMOr0 CaMUM SAPOM.

U3yyeHne nepexoaHbIX 3neMeHTOB. [lepexomHble >IEMEHTHI SBIIMCH CaMbIM MEPBBIM OOBEKTOM IS
npunoxerns: OIIP. XapaktepHoii 0COOCHHOCTHIO aTOMOB TIEPEXOIHBIX SJIIEMEHTOB SIBISICTCS HAIMUYNE HE
TIOJTHOCTBIO 3aTI0JIHEHHBIX BHYTPEHHHX IEKTPOHHBIX 000I0YEK.

HmeroTcst 11Ba OCHOBHBIX HAampaBieHHs], MO KOTOPBHIM IIPOMCXOIUT U3YUYEHHE CBOMCTB MEPEXOIHBIX
snemeHToB Metonom OIIP. IlepBoe HampaBieHHe BKIIFOYaeT B CeOsl aHANM3 TTOJIOXKEHUS, PACIIEIUICHUS U
WHTEHCUBHOCTH CHEKTPAIBHBIX JIMHHWN. Takue CBEIEHUs! MO3BOJSIIOT BCKPBITH XapakTep BHYTPHATOMHBIX
B3aMMOJICHCTBHI M, CIIEIOBATENIbHO, MPUPOILY XMMHUYECKOW CBSI3M, a OTO MMeEeT OOJNbIIOe 3HAUCHHUE JIS
Pa3BUTHSI TEOPHM MarHeTH3Ma M TEOpUH TBEPHOro Teia. MeTox mapaMarHUTHOTO pe3oHaHca oOnazaer
OONBIIMM NPEUMYILECTBOM B TOM OTHOILEHWH, YTO MO3BOJIAET BBIACIUTH OAWH WM J[Ba YPOBHS U MPOBECTH
uXx noxpoOHoe n3ydenue. Takum 00pa3oM, MOSBIAETCS BO3ZMOXKHOCTh MOITYYUTh TOUHBIE JAHHBIE O KaKIOM
ypOBHE B OT/IeNibHOCTH. [10100HbIE JaHHbBIE SBIAIOTCSA MPEKPACHBIM MaTEPHUAIIOM JUTS TIPOBEPKU TEOPHUHL.

Bropoe HampaBieHHe B M3y4eHHWHM CBOMCTB IEPEXOAHBIX 31IeMeHTOB MetopoMm OIIP 3axmodaercs B
aHAIN3€ CBEPXTOHKON CTPYKTYPBI JIEKTPOHHBIX COCTOSHHM, KOTOPBIM MO3BOMISET CYAUTh O CBOMCTBAX S/pA.
C momompio OIIP ObuiM M3MepeHbI CIUHBL, MarHUTHBIE M KBaJPYIOJIbHBIE MOMEHTHI SIEp MEPEXOJHBIX
3NeMeHTOB. B ofHNX ciydasx 370 ObUIM NEpBbIE W3MEPEHHMS, B APYTHX — YTOUYHEHHE ATUX BenuuuH. s
5JIEMEHTOB TPYIIIB XKejle3a ObUIM TMOJIy4YeHbl OYeHb IIEHHbIE CBEJCHUS OTHOCHTENBHO TaK Ha3bIBAEMOIO
KOH(UTYpalMOHHOTO0 B3auMoOJieicTBH. Ha OCHOBaHMM 3THX CBelieHMH ObLIa BBISICHEHA JICHCTBHUTEIbHAS
JNIEKTPOHHAss CTPYKTypa TMapaMarHUTHBIX MOHOB Tpymibl kene3a. Okas3ajoch, 4YTO  BCIEACTBHE
KOH(HI'YPallMOHHOTO B3aMMOJEHCTBHS OIMH 3JIEKTPOH U3 3s—CJI0s IepeBesicH B 4s—CIIOif; 3TO MMeeT MEeCTO
TIOYTH Y BCEX AJIEMEHTOB I'PYIIIHI XKeJe3a.

Metozpt JI1P B mocneaHee BpeMsl CTIN IMUPOKO UCIIOIB30BATHCS TS N3YUSHHUS CBOOOTHBIX PaTUKAIIOB.
Ilox cBoOOAHBIMM paJvKaTaMH ITOHUMAIOTCSl COSTMHEHMs], MMEIOIIME OJHY M HECKOJIbKO HEHACHIILIEHHBIX
cBsi3el. B pesynbraTe HEHACBHIIEHHOCTH XMMHYECKOH CBSI3M MOSBISIIOTCA 3J€KTPOHBI C HECHApEHHBIM
CIIMHOM, TIPHCYTCTBHE KOTOpPBIX W obOecrieunBaer siBenue OIIP. B GombmmHCTBE ciydaeB CBOOOHBIE
paavKaibl SBISFOTCS. KpaliHe HEYCTONYMBBIMH, BpPeMs MX KH3HH OYeHb Majio. B To ke Bpemsi cBOOOIHBIE
pagKaiIbl MPUCYTCTBYIOT MOYTH BO BCEX TKAHSX JKUBOTO OPraHU3Ma, B 3HAYMTENILHOM CTENEHU OIpENesss
XHUMHYECKHE U OMOIOTHYECKHE TIPOIIECCHI, KOTOPhIE MPOTEKAIOT B ATHX TKaHsX. [l03TOMY 3HaHME MPUPOIBI U
0COOEHHOCTEH TOBENEHHSI CBOOOMHBIX PaAUKajIOB MPEACTABISIET OIPOMHBIM WHTEpeC ISl OMO(pH3HKH,
OMOJIOTHH U METULIMHBL.

Meronpt OI1P oka3bIBaroTCsI TakkKe YPe3BBIUAIHO MOJIE3HBIMU 1 A(P(PEKTUBHBIMU TIPH M3YYE€HUN CBOMCTB



00y4EHHBIX BemrecTB. IIpyu oOMydeHWM B BEIIECTBAX BO3HUKAIOT NE(EKTH, B MECTaX KOTOPBIX B psc
CITyYacB CKAIUTMBAIOTCS JJICKTPOHBIL. OTH IIEHTPHI 3aXBaTa OOJIAAAIOT TMapaMarHUTHBIM ITOTJIONICHHUEM H
nodToMy MOryT miyudaTbes Metomamu OIIP. Meronst DOIIP Moryt mpuMeHSTbCA Uil Ka4eCTBEHHOTO U
KOJIMUECTBCHHOTO aHAJIH3a JIFOOBIX MapaMarHUTHBIX BEIIECTB.

SIBenne DIIP MOXHO HCIIONB30BATh IS U3MEPEHHS M CTAOMITM3aITNi MAarHUTHBIX TIOJICH.

2.5. CneKTpockonua saepHoOro MarHUTHOro
pe3oHaHca (AMP)

Jlo HenaBHEro BpeMeHH OCHOBHBIM MCTOYHHMKOM MH(OPMALMK O CTPYKTYPE aTOMOB U MOJIEKYJI CITY>KIIH
UCCICIOBAHUS  METONAaMHM  ONTHYECKOM  CIIEKTPOCKOMM. B CBI3M ¢ yCOBEpPIIEHCTBOBAaHHEM
9KCIIEPUMEHTAIBHBIX METOZOB IMPOJABHHYBIIUX OOJACTh CIIEKTPOCKONMYECKUX HW3MEPEHHH B Hana3oH
cBepxBbicoknx uactot (10°-10° Mru) u Bbicokux uactor (10°-102 Mrii) MOSBHINCH HOBbIE MCTOUHHKH
uH(OpPMAUK O CTPYKType BeulecTBa. IIpyu Moriomenny 1 UCIyCKaHUK M3Iy4eHUs! B 3TOM O0JIaCTH 4acToT
MPOUCXOJUT TOT € OCHOBHOM IIPOIIECC, YTO M B JAPYIHX AMAMNa30HaX SJIEKTPOMArHUTHOIO CIEKTpa, a
MMEHHO: TIPU MEPEX0/ie ¢ OJJHOTO SHEPreTMYECKOro YPOBHS Ha APYTroi cHCTEMa IMOTJIOUIAET WIN HCIyCKaeT
KBaHT SHEPrUH; DHEPIHs KBaHTA PaBHA PACCTOSHHIO MEKY SHEPreTHUECKUMY YPOBHAMU. Pa3HOCTE 3HEpruit
YPOBHeii ¥ COOTBETCTBEHHO YHEPIHs KBAHTOB, YUACTBYIOIIMX B 3THX MPOIECCaX, COCTapyser okono 1077 3B
JUTSt OGIIACTH PATMOYACTOT U 0K0JIO 10 3B 117151 CBEPXBBICOKHX YaCTOT.

B 1Byx BHIax paJMOCHEKTPOCKONHH, 2 HMEHHO B CHEKTPOCKOIHH SIAEPHOTO MATHUTHOIO PE30HAHCA U
SIIEPHOTO  KBAJPYHOJIBHOTO PE30HAHCA, PAa3HULA PHEPruil YpOBHEH CBsi3aHa C Pa3IM4YHON OpHUEHTAaLUUei
COOTBETCTBEHHO MArHUTHBIX JWIOJBHBIX MOMEHTOB sfpa B MPWIOKEHHOM MAarHWTHOM IIOJi€ U
NEKTPUUECKUX KBAJAPYIOIBHBIX MOMEHTOB SIEp B MOJIEKYJIAPHBIX JIEKTPUUECKUX MMOJSIX, €CIH MOCIeIHIE
HE SIBJLTIOTCA C(HePUIECKH CUMMETPHYHBIMH.

BosmoxuocTr Metona SIMP cBsi3anbl ¢ TeM (pakToM, YTO sipa OAHOTO BHIA B PAa3IMYHOM XUMUYECKOM
OKpY’KEHHUH TIpY 33JaHHOM NPUI0KEHHOM ITOCTOSHHOM I10JI€ MOTJIONIAIOT SHEPTUI0 BEICOKOUYACTOTHOT'O OIS
OpH Pa3HbIX YacTOTax, 4TO OOYCJIOBIEHO PA3HOM CTENEHBIO 3KPAaHWPOBAHMS SAEP OT MPUIOKEHHOTO
MarHuTHOro mojs. Takoe oTkpeITHe OBUTO caenaHo B 1949 r., koraa ObUIO0 0OHAPYKEHO, YTO PE30HAHCHBIC
curHaib! saep docdopa, a3ota 1 Gropa MposIBIAIOTCS MPH Pa3HbIX YaCTOTAX B 3aBUCHMOCTH OT TOTO, B KaKUe
XUMHUECKHUE COETMHEHMS BXOJAAT 3TH spa. PaccTosHUs MeXTy paziMYHbIMU PE30HAHCHBIMH 4YacTOTaMU
HAa3bIBAIOTCS] XUMUYECKUMU CABUTaMU: C TIOMOLIBIO BEJIMUMH 3TUX CABUIOB MOXKHO MOIYYUTh HH(POPMALIUIO
00 SIEKTPOHHOM OKpPYXKEHHH JaHHOTO siipa B paccMaTpuBaeMoil Moiekyine. Hampumep, eciu uccnenyercst
SJepHBII MarHUTHBIM pe3oHaHc Ha mporoHax (SIMP-H), To oka3biBaercs, 4TOo MONEKyJa, conaep Kaiias
TOJBKO OAWH TPOTOH WJIM HECKOJBKO IMPOTOHOB, HAXOISALIMXCA B OZHOM M TOM € OKPYKEHHH, IAcT
OJMHOYHYIO JIMHHMIO TmoryomeHus. IlongokeHne STOM IHMHUM SIBISIETCSI XapaKTEPUCTUKONW MOJIEKYJIBL.
IlockodbKy XHUMHYECKHE CABWTH HENb3d U3MEpSITh B aOCOMIOTHOW INKame, T. €. OTHOCHTENBHO SJIpa,
JMIIEHHOTO BCEX €ro JJIEKTPOHOB, TO B KauyeCTBE YCJIOBHOTO HYJS HCIOJNB3YETCS CHIHAI 3TaJIOHHOIO
coequHeHUs. OOBIMHO 3HA4YEHHWs XMMHYECKOrO C/ABUra JUisl JIIOOBIX siIep NPOM3BOAMTCS B BHIE
0e3pa3zmMepHOro napamerpa d, orpeessieMOro CISAYIOIMM 00pa3oM:

8= [(® — @)/ @ ]+10°, (2.14)

r7e (® — ®,;) — pa3HOCTh XUMHUYECKUX CIIBUTOB [UTSI HCCIISTyeMOro o0pasiia u ATaJIoHa, (., — a0COTIOTHOE
TI0JIOXKEHUE CHTHAJIA 3TAJIOHA TIPU TIPUIIOKEHHOM OCHOBHOM MAarHUTHOM IOJIE.

2.5.1. iaepHbIN MarHUTHbINA pe30HaHC

SAnepublii MarHUTHBIN pe3oHaHc (SIMP) Obi1 oTKpBIT yenoBeuecTBOM Tpwkabl. CHavana B Mae 1941 Ha
Bosre, B Kazann. PykoBoanTens padotsr E. K. 3aBoiickuii HaMeTHiI mporpaMMy YTOUYHEHHH M POBEPOK, HO
Havarack BoitHa. E. K 3aBoiickuii u ero yuennku C. A. Anprmrymiep u b. M. Ko3beipeB ynumm B apmuio, n3
KOTOpOM X O0TO3BaJIM TOJBKO B 43—eM roxy. Ho Teneps BMecto SIMP onu otkpsum O11P.

A nietom 1946 r. SIMP ObUT OZIHOBPEMEHHO OTKPBIT IBYMsI IPYIIIAMU aMEPHKaHCKUX (H3UKOB: B bepkim
— @. brnoxa, B ['apBapae — 3. Ilypcemna. Becnoit 1947 r. SIMP 6511 Boctipom3BenéH B MockoBckoM @AHe
K. B. Bnagumupcknm.

Kak nabmogator IMP? B npunuune 31o 10BOJIBHO NpocTo. Bo-niepBbIX, HY)KEH XOPOIINKA MarHUT — C
OYEeHb OJJHOPOIHBIM ¥ CTAOWIbHBIM MAarHHTHBIM TIOJIeM. B COBPEMEHHBIX CHEKTPOMETpax CcYeT
OTHOCUTENTLHOHN CTaOMIIBHOCTH MarHWTHOTO TIOJIT HJIET Ha JecATUMWDIHapanbie nomu. Y @. bioxa maraur



Opu1 TOXyXke: mpuMepHO B 100 ThIC. pa3 ycTymam coBpeMEHHBIM. TeM He MeHee, biox ¢ HCTHHHO
aMEpHUKaHCKOI AETOBUTOCTHIO, KaK TONBKO MOHSII, YTO TAKOE XUMIYECKHUI CIBUT, 3alTaTEHTOBA BCE OyIyIIHe
XUMHKO—aHanmuTHyeckue npuMeHenus SIMP—cnekrpockonuu. 3a mociaeayromuye 25 JeT, MoKa 3T MaTeHTHI
JICHCTBOBAJIM, HHIKOMY B MUPE HE yIaJIOCh O0OWTH HU OHY U3 €ro (hOPMYJIUPOBOK.

Acmmpanr @. bnoxa — Paccen Bapuman, paGortaBmmii Haxm SIMP—marauromerpoM Ui W3MEpEHUS
MarHuTHOTO TOJst 3eMid, OBUT COBJAAENblIEeM KPYITHOM pPaJlOTeXHUYECKOH (UPMBI, TPOM3BOASAIICH
pauonokaTopbl. M3 HEOOX0AMMOro cocTaBa anmapaTtyphl 3aBoty «Bapuan» ObUT HE3HAKOM JIHMIITh MAarHuT. B
TIPOM3BOJICTBO MarHUTOB HE(PTSHbIE KOMIIAHWH BJIOXKWIIM HEMallble JEHEe)KHBIE CPENCTBA, U (hupMa craia B
pactymieM Temne npou3BoauTh AMP  CcHEKTpOMETpbl C HOBBIMH TEXHUYECKUMH  PELLICHUSMHY,
00eCTIeUMBAIOIIMMHI HEYKIIOHHBINA POCT HH()OPMATHBHOCTH METO/IA.

B nocnenaue romet SIMP cran omHum u3 Hambosiee MOMIHBIX MeTonoB m3yueHuss CTB B cambix
Pa3HOOOPa3HBIX BEIECTBAX, T. K. cTarndeckne u quHammdeckue CTB BBI3BIBaIOT 3HAUNTENHHBIE N3MEHEHHS
PE30HAHCHOM YacTOThI, (JOPMBI JIMHUM M pellaKCcallMOHHBIX Xapaktepuctuk SIMP. Bynem paccmarpusarhb
JWINb TE SBJCHUS, B KOTOPBIX PE30HAHCHOE BO30YXKICHUE SACPHBIX CIMHOB BBI3BIBACTCS IMPSIMBIM
B3aMMOJCUCTBUEM SACPHON HAMAarHUYEHHOCTH C BHEILIHUM AJIEKTPOMArHUTHBIM TIOJIEM.

IIpumenutensHo K IMP B MarHeTukax TEPMUH «IIPsIMOE» B3aUMOJICHICTBUE HE COBCEM TOYEH, T. K. 311€Ch
OCHOBHBIM MEXaHU3MOM BO30YXKICHHSI SICPHBIX CIIMHOB CIIY>KUT KOCBEHHOE B3aMMOICHCTBHE MarHUTHBIX
MOMEHTOB SIJIEp C 3JIEKTPOMArHUTHBIM IOJIEM Yepe3 JIEKTPOHHBIE CIIMHBL. DTO TMPUBOAUT K CYIIIECTBEHHOMY
yeweHnto curaana SIMP u m3menenuto ero hopmel.

B cuity manoil BenmMuMHBI SIEPHBIX MAarHUTHBIX MOMEHTOB MeToioM SIPM OOBIMHO MONB3YIOTCS ISt
W3YYEHUS BEIIECTB, B KOTOPBIX JOCTATOYHOE KOJIMYECTBO CIIMHOB sIEP, 00IaatoMX HY>KHOW PE30HAHCHOU
yactoToil. SIMP mo3BoisieT MONMyYuTh BaKHYIO HH(OPMAIMIO 00 3JEKTPOHHOW M CIMHOBOH CTPYKTYpe
TBEP/BIX TEIL

2.5.2. Teopua saepHOro MarHUTHOro pe3oHaHca

M3OJ'|V|pOBaHHb|e fiAepHble CMUHbI. PaCCMOTpI/IM AApO € IOJHBIM CIIMHOBBIM MOMEHTOM KOJIMYECTBa
JABWKCHUA |, HU3MCPCHHBIM B €IMHHULAX h. ManI/I‘IHI)Ie QJICMCHTBI OII€paTopa MAarHMUTHOT'O JUIIOJIBHOI'O
MOMCHTA IPAMO IMPOIOPIHUOHAIIBHBI COOTBCTCTBYIOIIMUM J3JICMEHTAM OII€paTopa MaroHuTHOro MOMCHTa l:

u=yphl (2.15)

rac KOB(l)CpI/ILII/IeHT -7 N KakK W BBIIEC T'MPOMArHUTHOC OTHOIICHHC. Takum 06p330M, raMUJIbTOHHAH,

OIMMCHIBAIOIIHIN 36€MaHOBCKYIO SHEPTHIO MarHUTHOrO MoMeHTa A B marauTHOM Tiorie H, MoXHO 3armicath 1
BUJIE

H=-yuhl - (2.16)

V ravmisronnana H (2.16) umeercst ( 21+1 ) cOBCTBEHHBIX 3HAYCHMIT U (YHKIMN \m>, KOTOpBIE

COOTBETCTBYIOT DHCPIUsAIM:
E(m) = —ypiHM (2.17)

3nece M — cobGcTBeHHBIE 3HAUeHMs oniepatopa 1z (ock Hampasniena ok nois H). Bocnonbs3oBasmmmch
M3BECTHBIM yPaBHEHHEM JBIDKECHUS JJIs1 OTIEPATOPOB B KBAHTOBON MEXaHHUKE, MOXKHO 3aIHCaTh:

d i

dtﬂ:h[H’u]' (2.18)

Ione3ysice dopmynmamu  (2.15) u (2.16) ¥ KOMMYTaMOHHBIMH COOTHOIICHHSMH JUII MOMEHTOB



KOJIMYECTBA ABIKEHUSI, TPeo0pa3zyeM 3TO BEIpaKEHHE K BUIY:

d
Eﬂ-?’nﬂxH- (2.19)

VYpasaenue (2.19) npencramsier coboil KilaccHUeckoe ypaBHEHHE IBIKEHHE YACTUIIBI C MAarHUTHBIM
MomentoM M B marauTHOM Tosie H. Takum obpasoM, cperee 3Hauenre H7 He 3aBUCHT OT BPEMEHH, TOT/a
KaK cpeJHue 3HaueHus HUX u MY W3MEHSIOTCS CO BPEMEHEM CHHYCOHMIAIBHO C JIAPMOPOBCKOM 4acTOTaMU

Wy =7 nH . O1i 4acTOTE COOTBETCTBYIOT PaspeIeHHBIM TUMOMBHBIM TIEPEXOIAM MEKTY COCTOSHHSIMH C
sHeprusmu (2.17).

Ecmi H B ypaBrennu (2.19) coctout u3 nocrosuroro noist Hy u nonepeunoro nosns, nonspiusoBaHHOro

1o KpyTy:

H, () =Hy(isinat + jcos at), (2.20)

. o "\ 7! o ’ ' '
TO y106HO nepeiiTu k HOBOIt cucteme koopaunar X, Y, Z', B koTopoit Ho | | Z ,aocu X, Y

! o o !
BpaIalOTCs BOKPYr Z ¢ TOCTOSHHOHM YIJIOBOWM CKOpocThio () Hl HanpasieHo BIONb X .

ou

ITpousBoaHas O BpeMEeHU 8T BO Bpalaroleiicst cucreMe KOOPAWHAT OIPENeNsieTcs paBEHCTBOM:

o d
Eﬂ—aﬂﬂ“a’, (2.21)
5 w
OTKyz[aE'u =ypux| XHy +Z' Hg+— ||, (2.22)
”n

e X' u y' — eJIMHUYHBIE BEKTOPA, BJIOJIb COOTBETCTBYIONIUX OCEH.

Pesynbrupyromas npeneccus Bektopa £ Bo Bpamiaroleiicsi cucteMe KoopauHaT B 3 dexTuBHOM TIONE,

H

9¢h@h , KOTOPOE JAaeTCsl BEIPOXKCHUEM B CKOOKax ypaBHeHust (2.22), okasaHa Ha puc.17.

Ecin MarHuTHBIA MOMEHT (MMeeTcsi B BHJAY CpelHee 3HaueHue oriepatopa [ ) BHavayie ObuI

OPUCHTHPOBAH BAOJIb OCHU Z’ , TO OH 6y,[[eT MNEPpUOANYCCKN BO3BPALIATHCA K 3TOMY HAIIPABJICHUIO. To ectb B

3TOM CITy4ae Nepeaada SHEPIuy OT MOJIs H 1 (t) x MarauTHOMY MOMeHTY [/ B CpesHEM OTCYTCTBYET.

Ecmu ocummnmpytomiee mosie HampapieHO BAOIb OCH Z, TO BEpPOSATHOCTh MEpexofa MEXIy IBYMS
ypoBHsiMu W paBHa Hymo. CremoBaTenbHO, TPU TaKOM COYCTAHWH HAMPaBJICHUH TIOCTOSHHOTO U
OCLWJLTUPYIOLIETO MOJIeH NePEX0 bl MEXKIY YPOBHSIMU HE MMPOUCXOIAT.

B ycnoBusix pezonanca @= -}, ¢ Ho. OddekTrBHOE TONIE PaBHO H]_ , a MoMeHT M mpeneccupyer

Bokpyr X' ¢ yryioBoii ckopocteio @ = — ¥, Hyp .
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Puc. 17. Ilpeueccuss MAarHUTHOTO MOMEHTA [ BO Bpalawileiics cucTeMe KOOPAUHAT

Bcee 910 cripaBeyinBo Takke K Ui cucTeMbl N HEB3aMMOJIEHCTBYIOMINX CIIMHOB B 00beME V . B stom

ciydae coOCTBEeHHbIE (DYHKIMHM BCEH CHCTEMBI | M, M, ...... m, > MPENCTaBILIIOT COOOH MPOM3BENCHUS

GyHK1MI \ml>, m2>.....\mn>, OMNHKCHIBAIOIINX COCTOSHUSA KaXKIOr0 OTACIBHOrO CIIMHA, a II03TOMY

YPaBHCHUEC NBWKCHUA JI1 HAMAarHU4Y€HHOCTH AJI€P:

M :V—l%ﬂi . (i=12..N) (2.23)
COBITIAAACT C BBIPAKCHUEM JIJIsL ﬁ .

PaCCMOTpI/IM Bsaumo,qeﬁcTByromue AAepHble CNUHbI.

B peanbHBIX BeliecTBax sAepHbIE CIIMHBI B3aUMOACHCTBYIOT CO CBOMM OKpYyKeHHeM. OOBIYHO pa3andaroT
JIBa TUIIA B3aNMOJEHCTBHS: CIMH-CIIMHOBBIE U CITUH-PELIETOYHBIE.

CrH-CTIMHOBBIE B3aMMOZEUCTBUS (HAIpHUMEp, KJIACCHYECKOe MAarHUTHOE JWIONBHOE B3aMMOJEHCTBHE
MEXIy MarHUTHBIMH MOMEHTAaMU siJIep) OTBETCTBEHHBI 32 YCTAHOBJIEHHE TEIUIOBOTO PAaBHOBECHS B SIIEPHOM
CIIMHOBOM cHCTeMe. OTH B3aMMOJEUCTBUS KAaueCTBEHHO MOTYT OBITh YYTCHBI C IIOMOILBIO BBEICHUS

3¢ (GEKTUBHOTO BPEMEHU CIMH-CIIMHOBOW peJIaKCaIluK Tz- B cocrostHumM TemioBOro paBHOBECHS CHCTEMa

OITMCHIBACTCS CITMHOBOM TeMHepaTypofI T P KOTOpast OIIpCACIIACTCA (l)yHKHI/Ieﬁ pacipeaciCHud BOHBHMaHa:
-15- sEi —
p=2"e"5 ps= (kﬂTp), (2.24)

rae P; — BEPOATHOCTb TOrO, YTO CHCTEMAa HAXOJUTCS B i-oM cOOCTBEHHOM COCTOAHUM, a Z —

CTAaTUCTUYCCKasA CyMMa



Z=y e 7E (2.25)

PaBHOBecHOE 3HAUECHHE HAMATHUYEHHOCTH PpaBHO:

Mo = EM{pi . (2.26)

B dopmynax (2.25) u (2.26) cyMMHpOBaHHE MPOBOAMTCS MO BCEM COCTOSHHSIM CHUCTEMBI N crmmos.
TakuM 06pa3oM, 3eeMaHOBCKAs SHEPrUsl MEHseTCs B mpenenax It Ny nhl H 0 - DHEprUs B3aUMOJCHCTBUSA
MEXIy CIIMHaMHU B OOJIBIIMHCTBE CIIyYaeB Majla II0 CPAaBHEHMIO C 3€€MaHOBCKOM JHEpIrue, U, KpoMe TOro,

3TO B3aWMOAEHCTBHE OOBIYHO SIBISIETCSI OTHOCHTENHFHO KOPOTKOAECHCTBYIOMMM. Toraa mpu ycloBHH k ﬂTS

>> |7n hHO| PE30HaHCHOE MOBEACHUE CUCTEMBI ONPEEAETCS TIABHBIM 00Pa30M COCTOSHMAMH C SHEpruei

|Ei| << kBTS . B Takom "BbICOKOTEMIIEpaTypHOM" IPUOITMKEHNHL:

Z%Z(OO)=(2|+1)N, (2.27)

" p€aJIbHYI0 CUCTEMY MOKHO HpI/I6J'II/I)K6HHO ONUCBIBATH KaK CUCTEMY H30JIMPOBAHHBIX CIIMHOB B CUJIBHOM
MMOCTOSTHHOM TIOJIE M CIIaboM TMPOCTPAaHCTBEHHO HEOAHOPOAHOM JIOKAJIBHOM IIOJIC, TIPEACTABJIAIOIICM
PCAIbHBIC CITMH-CIIMHOBBIC B331/IMOI[CI710TBH$1. C >TUM JOKaJIbHBIM IIOJIEM CBs3aHa HCHYJICBAasd HIMpHUHA

pesonancroit mmam AH ~ (A,T,)-1.

CrH-pemeTouHble  B3aUMOJICHCTBHA  O0ECHEeUNBAIOT “KOHTAKT  MEXIY SIOCPHBIMA CIIUHAMH U

x99

“pemIeTkoi”, T. €. BCEMH APYIrMMH BHYTPEHHUMH CTENEHAMHU cBOOOAbI 00pasua. [TockonbKy TemnoeMkocTs
PEIIETKA HAMHOT'O OOJIbIIIE TEIIOEMKOCTH SACPHOM CIIMHOBOM CHCTEMBI, PELIETKY MOYKHO PACCMAaTPUBATh KaK

TEPMOCTAT C TEMIEpaTypoii | , IpUYEeM B OTCYTCTBUM BHEUIHHX BO3MYILCHHH TS =T . Ecxn crmHoOBast

Temneparypa (a ciemoBatensio, # M ) mepBoHauanbHO GbLTA OTIMYHON OT PABHOBECHOMH, TO BpeMs
YCTAQHOBJICHHsI PABHOBECHSI TIOCJE CHSTHS BO3MYIICHHS XapaKTEPH3yeTCss BpEeMEHeM penakcammu [,. B

OTJIMYHE OT CIIMH—CITMHOBOM peiakcanry, B 3TOM Cliyda€ MOXXHO BBECCTHU CIMHCTBCHHOC BpEMA Tl JIMIIb TIpr

YCIIOBUH, YTO CIIMH-CIIMHOBBIE B3aMMOICHCTBUSI MOTYT O0ECIICUUTh TEIUIOBOE PABHOBECHE B CHCTEME CITMHOB
B TEUEHHE BCEro IPOLIECCAa YCTAHOBJIECHHUsS TEIUIOBOIO PAaBHOBECHs € peuleTkoil. Takoe mnpubmmxeHne
Ha3bIBAETCsI IPHOJIMKEHIEM CITMHOBOM TEMITEPaTyPhL.

PaccMoTpuM CIMHOBYIO CHCTEMY, JIsI KOTOPOM cpe/iHee 3Ha4eHHe ITOJTHOM SHEPrHu:

m

= % PiEj, (2.28)

B OO0 MOMEHT BPEMCHHU CBA3aHO C CIUHCTBCHHLIM 3HAYCHHUCM ﬁS . I[J'If[ yI[O6CTBa BBI66pCM Ha4aJio

OTCYeTa SHEPrHU TaK, YTOOBI BBITIOIHSIOCH PABEHCTBO Sp(Ei) =0, rue uepes S p OOO3HAYEH HITYp 10

BCEM CIIMHOBBIM COCTOSAHUAM. BBIpa)KeHI/Ie JJIA 3aBUCHUMOCTH ﬂs OT BPEMECHH MOXXHO HaUTH U3 BBIPAYKCHUA:

_ _\1
d dE| dE
—fs =

= — 2.2
dt dt | d g (2:29)

Hpezmonome, UTO CKOPOCTHU U3MCHCHUA pi YAOBJICTBOPAIOT JIMHCHHBIM YPpaBHCHUAM BUA:



d
Ep' =%(Pjoi —P.Wij) : (2.30)

BepOﬂTHOCTI/I epexoa0B w ji n Wij CBsI3aHbI IPUHIUIIOM JCTAJIBHOI'O PABHOBCECHA, COITIACHO KOTOPOMY

dp.
Kaxplii wieH B cymme (2.30) oOparmaercst B Hylb MU YCIOBHH, % =0, 1. e. nmpu pasercree S, =0 .

CrnemoBaTensHO:

-B(E;-E)

W, =W, e (2.31)

Kombunmpyst paBercTsa (2.28-2.31), B mpezene BrICOKMX Temrepatyp T momydrm:

a, PPl
a0 (2.32)
1 1 -
R EZ(Ei —E; )ZWij 2EN| . e
1 i i

BepositHocTH TmiepexofoB B BbIpaxkeHuH (2.33) MOXHO HaWTH METOJaMH TEOpUH BO3MYILEHHIA,
3aBUCAIINX OT BPEMEHH.

2.5.3. ApepHasa BOCNPUUMUYUNBOCTb

PaccMoTpenHble B mpenbiaylieM maparpade B3aUMOJICHCTBHS SACPHBIX CIIUHOB C HUX OKPYXCHHEM,
KOTOpbIE OTBETCTBEHHBI 3a MPOLIECCHI PENAKCAIIMH B SIIEPHOW CIMHOBOW CUCTEME, CYILECTBEHHO BIMSIOT
TAaKKE HAa PEaKLUUI0 3TOM CHCTEMbl Ha BHEIIHEE MAarHUTHOE BO3MYILEHHE, 3aBUCAIICE OT BPEMEHH.
JelCTBUTENbHO, TOCKOIBKY Y HAc MMEETCS MEXaHHM3M, 3a CU€T KOTOPOro B CIIMHOBOM CHCTEME
YCTaHABIIMBAETCS TEIUIOBOE PAaBHOBECUE, CUCTEMA MOXKET TOTJIOIIATH YHEPTHUIO.

[Ipennonoxum, 4To peakiyo CUCTEMbI Ha IONIEPEUHOE TI0JIE

H(t)=He" (2.34)

MOXXHO XapaKTE€pHU30BaTh KOMIIJIGKCHOM BOCITPUMMYUBOCTBIO:

x=x -y (2.35)

[Ipy u3MepeHMH HAMarHUYEHHOCTH, BBI3BAHHON BO3MYIIEHUEM, U3MEpSETCsl NEHCTBUTENIbHAs 4YacTb
KoMIuieKcHO# Hamarandennoctd ¥ H (t) . CenosarensHo:

M* = HX(}(’COSC()t-FZ”SinC()t)_(z_%)

YCTaHOBI/IBIlIeMyCSI 3HAYCHUIO Honepequf/'I HAMAaroHmycHHOCTHU COOTBeTCTByeT CpeuHee 3HAYCHUC
MOTJIOIIAEMOU MOIITHOCTH:

=27

= o — 1
P=— | H)-dM =Zay"(H")?
7z | HOM =20’ (H)



X
3aMeTI/IM, qTo H - 2 H 1 OIMIpEACIACTCSA KaK MAKCUMAJIbHOC 3HAYCHUC J'IHHCfIHO—HOJ'IHpHBOBaHHOFO

IoJIsA, TOrJa Kak Hl_ AMIUIMTyJa ABYX IIOJIAPU30BAHHLIX IO KPYTy HOHGf/i, Ha KOTOPBLIC MOXCT OBITH

pasnokKeHo ToJe.
OKCIIepuMeHTaIbHbIE  MeTomsl  HaOmoneHns SIMP  oxBaTeIBaeT IIMPOKWN AWAana3oH dacToT
AIIEKTPOMArHUTHOTO criekTpa. it maOmonenns SIMP B MarHWTHBIX ITOJISIX, CO3MaBAEMBIX OOBIYHBIME

marauTamu, tpebytores sacrorst 10° —10° T,

1
HeKoTopEIe KCIIGPMMEHTHI BBINONHEHBI, KaK Ha HM3KMX yactotax ~10° T'm (ma smpax H ™ u He’s
159 169 163
MarHUTHOM TIoJie 3eMIiIM), TaKk U Ha BBICOKMX YacToTax (Ha siapax Th , Dy, DYy™""s cBepxromkix

IOJIAX B MCTAJNIMYCCKHUX Tb n Dy) . OTHOCHTENBHAS IMUPpUHA JHMHUU MCHACTCSA B HIMPOKHX MNPEACIIax:

Ao

-6 . Aw
or suavenns —— = 10 , OOBIYHOTO IS JKUAKOCTEH, 10 —— ~1 UIT HEKOTOPHIX (heppoMarHHUTHBIX
0] w

cr1aBoB. [loaToMy, B Ka)KIIOM KOHKPETHOM CIIydae HaJ0 BHIOMPATh COOTBETCTBYIOILYIO ammapaTypy. XOTs
1uist ooHapyxkeHust IMP Bo Bcex ciydasix MCIONB3yeTcs CBSI3b SACPHONH HAMArHWYEHHOCTH C MMEIOILECHCS B
LIETIH COCPEIOTOYECHHON pacipeieNieHHON HHIAYKTUBHOCTBIO, CIIOCOOB! PETUCTPALMH 3TOM CBSI3U MOTYT OBbITh
BeCbMa pa3HooOpa3HbiMU. OOBMHO HX PA3JCISAI0T HAa CTAllMOHAPHBIE M HECTAIlMOHAPHBIC CIIOCOOBI
HaOmonenust SIMP. TlepBeie HamOosnee TPUTOMHBI ISl M3yYCHUS (OPMBI JIMHWM, €€ TOJOXKEHUS U
WHTEHCUBHOCTH, @ BTOPbIE — U3MEPEHHS BPEMEH PEaKCaLlii.

CranvonapHple MeToApl HabmroneHust u peructparmu SIMP wucnomesyrorcss mpu ycnmosun 1, < 7.
[Mpocreiimuii AeTEKTOp B OMBITaX CTALMOHAPHOTO TUIA — TeHEPaToOp cIadbIx kKojeOanuid. OH MpeacTaBiseT
“KyMeTp”, B KaTyIIKy KOJeOaTeThbHOr0 KOHTYpa KOTOPOTO (WM B TIOJBIN PE3HUCTOP), TIOMEIaeTcss o0pasell.
Ilpn simepHOM pe30HAHCE YMEHBIIAETCS NOOPOTHOCTh KATYIIKH M, CIIEOBAaTENbHO, CHIDKACTCSl YPOBEHb
koneOanuii. Takum 00pa3oM, JaHHAS cXxeMa MO3BOJISIET H3MEPUTH T5. JleTeKTophl MoJo0HOro THIa OOBIYHO
WCIOJIb3YIOTCS B CIIEKTPOMETPAX C U3MEHAEMOM YaCTOTOM.

B npyrux cnektpomeTpax CTaMOHAPHOIO TUIIA IPHUMEHSIETCS] CXeMa YPaBHOBELIEHHOTO MOCTa, B OTHOM
Iieye KOTOPOro — PE30HATOp ¢ 00pasloM, a B OPYroM — pe3oHaTop 0e3 oOpaszua. MoCT MOOKIIOYAIOT K
BHEIIHEMY T'€HEepaTopy M OajJaHCHUPYIOT, YTOOBI MPEAOXPaHUTh MPHEMHUK OT MEPErpy30K W yMEHBIUTH

reHepalMIo IIyMOB Ha BXOJE NpUeMHHKa. bamaHcupoBKka JocTHraercs 3a cuer ciBura ¢as Ha yroia 180°
MeXIy IiedaMu MocTa. [Ipu npoxoxxaeHnn yepes3 pe3oHaHc o HeOOMbILIOH pa30alaHCHPOBKE MOCTA MOYKHO
onpeenuTs oo ¥, b0 x" B 3aBHCHMOCTH OT TOTO, CBSI3aHA JIM pa30aaHCHPOBKA C (Ha30BBIM HITH
AMIUIMTYIHBIM pa3IndueM MeXAy IUIeYaMH MOCTa.

[To mpuHIMITY NEWCTBUS K MOCTOBOHM cxeMe OJNM30K HMHIYKIMOHHBIA CIIEKTPOMETP Ha CKPEIICHHBIX
Katymkax. Kak cremyer w3 Ha3BaHMS, B HMHAYKIMOHHOM CIEKTPOMETPE MMEIOTCS JIBE B3aMMHO
NEepIeHANKY/IPHBIE KaTYILIKH — epeAaromas 1 nprueMHasi. B nepenaroreil karyiike Bo30yxnaercs siiepHbIid
PE30HAHC, M NPH 3TOM CHUTHAJ MPELECCHH HaMarHUYEHHOCTH OOHApYyKMBAaeTCsS C MOMOILIBIO NMPHUEMHON
KaTylIKy. BiysiHre B3aMMHOM HHAYKLIUY YCTPAHSAETCS 33 CUET TEOMETPUUECKON FOCTUPOBKH KaTylleK. Takum
METOZIOM TOXE MOKHO M3MepATh b0 ', 160 y", COOTBETCTBYIOIIMM 00Opa3oM peryiupyst (asy

HaIPSDKEHUS! yTEUKH U3 TIEPe1aBaeMOM KaTYIIKU B IPUEMHYIO.

YpoBeHb MOIITHOCTH CHUTHAJIa Ha BXOJIE IPHEMHHKA YacTO He MPEBBIIIAET JIaKe HECKOJIBKO MHUKPOBOJIBT, U
MO3TOMY HPHUXOAWTCS] IPUMEHATh Y3KOMOJIOCHBIE [ETEKTOPHBIE CXEMBbI, YTOOBI 0OECIeYnTh MPHUEMIIEMOE
OTHOILICHHE CUTHana K IIyMmy. B CBsi3u ¢ 3TUM, Kak IpaBuiIO, MOJIB3YIOTCS OOBIYHBIM METOJOM MOIYJIALMN
TMOJIA WJIM YacTOThl B 3BYKOBOM YacTOTHOM JMamla3oHe C TOCIEAYIOIMIMM NMPUMEHEHHEM Y3KOIOJIOCHOTO
YCUJIEHHS M CHHXPOHHOTO JI€TEKTHPOBAHHS MOJAYIHPOBAHHBIX CHUTHAIOB. Takum IMyTeM JIETKO yAaeTcs
MOJIyYUTh CIIEKTPOMETPHI C LIMPUHOW IOJIOCHI NpomyckaHus MeHee 1 cy. JlanbHEHIIero IMOBBIMICHUS
YYBCTBHUTEIBHOCTH MOYHO JOOUTBCS, MONB3YSCh METOZOM YCPETHEHHSI TI0 BPEMEHH: MHOTOKPATHO TIPOXOST
M0 HY)XHOMY Yy4YacTKy CIEKTpa ¥ TpW 3TOM CYMMHUPYIOT (M, CIEHAOBATEbHO, YCPENHSIOT) CHTHal B
MHOTOKpPaTHOM aHaJIN3aTopE.

Hecranmonapasie Metoasl peructpauun SIMP ucnomesyroress mpu ycnoBuu 7, > 7. Panee Obuio
TIOKA3aHO, YTO NpH 3Ha4YeHUsIX T, mpu KoTopbix Hj Gosbliie mmprHBI TMHIN, CIIMHOBAs CHCTEMa BeJleT ce0s
O/I00HO CUCTEME CBOOOHBIX CIMHOB. Hampumep, HaMarauaeHHOCT, M = My MOXKeT OBbITh ONPOKUHYTA B
MIONEPEYHYI0 IUIOCKOCTh UMITyJbcoM BU—T01s yacTtoTo 09 W UIMTENBbHOCTBIO t (MeHblei Tp), eciam



ymHpt = % . Crnenyromas 3a TakuMm 90-TpaJyCHBIM HMITYJILCOM TPELECCHs] HAMAarHWYEHHOCTH, KOTOpas

MOXeT OBITh 3apETHCTPUPOBAHA IPUEMHOM KATYIIKOH, 3aTyXaeT 3a BpeMs mnopsjaka T,. Bo3Hukarommii mpu
3TOM CUTHAJI, TAK Ha3bIBACMBIi CHTHAN 3aTyXaHHsl CBOOOIHOM MPEIECCHH, TIPECTABIISACT COO0H KOMITOHCHTY
®ypre (OpMBI JIMHAM B CTallMOHAPHOM OJKcriepuMeHTe. [IpomonbHas KOMIIOHEHTa HaMarHMYeHHOCTH
BOCCTaHaBMHBaeTcs 3a Bpems T; mocme 90-rpagycHoro mMmynbca. Bpems T MOXKHO M3MEpHTH CIIETyOITAM
MetonoM. Cepueil KOPOTKMX MMITYJILCOB JIOCTHTIAETCs HACBINICHHWE pe3oHaHca. [lo aMmrumuryne cBoOOmHON
IPELECCHH TI0CTIE HocHenyromero 90 — rpaiycHoro MMITJIbCa U3MEpSETcs BenumuuHa M’ M HaxomuTcs
COOTBETCTBYIOLIEE 3HaUeHUE T.

2.5.4. CneKTpoMeTpbl AAE€PHOro MarHUTHOro
pe3oHaHca

JIist cTEMY TSI TIepexoZi0B MEKIY SHEPTeTHIeCKIMHI YPOBHSAMH TIpH HaOmoaennn SIMP B cimHOBYTO
CHUCTEMYy HEOOXOAMMO BBECTH BO3MYIICHHE. OTO JIOCTHTaeTCs, Hampumep, IIyTeM BO3JCHUCTBUS
OCIIJUTUPYIOIIMM MarHUTHBIM TIOJIEM, HEOOXOIIMOE HaIlpaBJIEeHHE KOTOPOTO MOXKHO YCTaHOBUTD, M3 CBOHCTB
OIIEpaToOpOB CIMHA M COOCTBEHHBIX (YHKIMU siiapa co cruHoM I. VI3MeHeHue SHeprum Ipu THepexoie
OTIPEIEIIAETCS KaK:

AE = jhH. (2.38)
CHGI[OBaTCIH)HO, 4aCToTa OCHWIIUPYIOLICTO MAIrHUTHOI'O T10JIA 3aIIUChIBACTCA CIICAYIOIINM BhIPAXKCHUCM:
v=AE/h = H2x (2.39)

OTO SABISETCS YCIOBUEM pE30HAHCA, KOTOPHI MOXHO 3aperucTpupoBaTh ¢ momolplo AMP-
CIIEKTPOMETPOB.
OCHOBHBIMU y371aMU cTIEKTpoMeTpoB SIMP siBisitoTCS:
1. Marnut, co3aromuii OHOPOTHOE MOJIe ¢ HAPSDKEHHOCThIO 1— 25 KD;
2. JlaT4uK CUTHAJIOB, COAEPIKAIINIA HCCIeAyeMbIi 00pa3el] U MPUEMHYIO KaTylIKYy;
3. bnok pa3sBepTkH, MO3BOJSIOUIMI M3MEHATH B HEOOJIBIIMX Mpeeiax OCHOBHOE MAarHUTHOE IIOJie IO
OIPEIETIEHHOMY 33aKOHY;
4.  PaguoyacTOTHBIH reHepaTop, paboTaroLMii B quana3oHe 4actot 4—600 Mrir;
5. PaguoyacToTHBIN NPUEMHHK U yCHIIUTEb;
6. Cucrema 06pabOTKH U 0TOOpaXKeHH HHPOPMALIIH.

MarHurbi

CylIIecTBYIOT CHEKTPOMETPBI € TOCTOSHHBIMA MarHWTaMH M 3JeKTpoMarHutamu. llpemmymiectBo
3JIEKTPOMAarHuTa COCTOMT B BO3MOXKHOCTH DETYJMPOBKM MAarHMTHOrO mojisi B mpenenax 1-25 k0. Hx
OCHOBHBIM HEJIOCTATKOM SIBJISIETCSl BBICOKAsi CTOMMOCTh CTAOWITU3MPOBAHHBIX WCTOYHHKOB MNHTAHUA. Y
MIOCTOSIHHBIX MAarHUTOB BEPXHUI MpeZeN HAPSHKEHHOCTH Mo He mpesbimaet 15 k3. [l MarHuToB 060ux
THIIOB TOJYYAl0T NPUOIH3UTENBHO OJMHAKOBYKO OTHOPONHOCTH Tons, okono 3-10°. B cmu ¢ atum
HEOOXOUMO OTMETHTh, uT0 SIMP sBJISIeTCSI €MMHCTBEHHBIM METO/IOM, KOTOPBI TMO3BOJISIET OIEHHUTEH CTOJNb
BBICOKYIO OTHOPOTHOCTB MOJISI.

JI11 U3rOTOBNEHMSI MOCTOSTHHBIX MArHUTOB YaIlle BCETO UCIOIB3YOTCS CIIABBI AJIBHUKO-V WM THKOHA.
[MTockonbKy TMOCTOSIHHBIE MAarHUTBI XapaKTePH3YIOTCS OTPHIATENILHBIM TEMIIEPAaTYPHBIM KO(PQUIIHEHTOM
HanpsokerHocTH momst (2-10 ~ rpax ), X HEOGXOIMO TEPMOCTATHPOBATE C COOTBETCTBYIOIIEH TOYHOCTBIO.
OJNeKTPOMAarHuThl, HENpephIBHO paloTaioliie B MpPEAeNibHBIX  PEKUMaX, TaKKe HYXIAIOTCI B
TEPMOCTATHPOBAHHH TTIOMEIICHH S (C TOYHOCTBIO 2°) ¥ BOJIbI (C TOYHOCTBIO 0,1°7), OXJTaXK/Iat0IIeii MATHHT.

Kak mocTosiHHBIE MarHuThl, TaK W 3JIEKTPOMArHUTHI CHEKTPOMETPOB BBICOKOTO PA3pEUICHUs] WMEIOT
CrelyaibHple  CTaOMIM3aTOphl MAarHUTHOTO IIOTOKA. OJTO TMO3BOJSET YMEHBLIUTh HECTAOMIBHOCTH
HanpskerHoctd oy ot 10°° 10 10° i ke,

JlonomHuTensHOE MOBBIIIIEHHE OJHOPOAHOCTH MAarHUTHOTO TIOJIS, AEHCTBYIOMIETO Ha 00pasell, MoIyJaroT
MU €r0 MeXaHH4YecKOM ABKeHUH. OTHUM W3 MPOCTEHMIHNX CHOCOOOB MpUBENEHHS O0pas3la B JIBIDKEHHE
SIBJISICTCSI BPAIEHUE €ro CO CKOpOoCThio npeBbiatomerd 1200 06/mMuH. UtoObI BOIM3H OT MPUEMHON KaTYIIKH
He OBUTO BpAIIAIOIIUXCS METALIMUECKUX YacTei, pOTOp TYpOUHBI OOBIYHO M3rOTaBIMBAIOT U3 IUIACTMACCHI U
TPUBOJIAT BO BpallleHHe co CKOpocTho 710 20 000 06/MUH NPy IOMOIIH CKATOTO BO3/TYXA.



Aatunmkn curHanos AMP

Haturkom curHano SIMP Ha3bIBaeTcsl yCTPOMCTBO, BKIIOYAIOIIEE BO3AYLIHYIO TypOHHY ISl BPAILICHUSI
o0pasia, MpUeMHYIO KaTyILKY, KaTy[IKA MOIYJISILIMY TOJIS U TIPeIBAPUTENbHBIN YCHIIUTENb.

Jarunk 0OBIHO MOHTHPYETCS Ha KOOPAHMHATHOM YCTPOWMCTBE, KOTOPOE TIO3BOJISIET YCTAHOBUTH KATYIIIKY
¢ 00pa3roM B HanboJiee OTHOPOIHOM MAarHUTHOM IIOJIE.

CylecTByeT 1Ba OCHOBHBIX THIIA JATYHKOB:

1) co cCkpemmeHHpIMI KaTyIIKaMHU,
2) ¢ OTHOM KaTYIIKOM.

Jatuuky ¢ ogHON KaTylIKOW JOJKHBI MMETh 3JIEKTPUYECKYIO PEryIMpOBKY, B TO BpeMsl KaK JAaTYUKH C
JBYMS CKPEIIMBAIOLIMMUCS KaTylIKaMH MOTYT HaCTPauBaThCsl MEXaHMYECKHM U SJIEKTPUIECKUM CIIOCOOOM.

Jartarky co CKpenpBaroMMHUCS KaTylKaMy ObUT UCTIONB30BaHb! bioxom, XanceHom u [lakkapmom B
TIEPBOM YCIIEITHOM 3KCIEpPUMEHTE M0 SIEpHON MHAYKUMM. BrocnencTBuy 3TOT TN AATYMKOB HAILEI
mupokoe npumeHeHnue B IMP cniekrpomerpax.

Jartumk Kpermmrcs Ha KOOPIWHATHOM YCTPOMCTBE, OOECHEeYHMBAIOIIEM BO3MOXKHOCTh OTBHICKAHHUS
HaWIydIIel OXHOPOIHOCTH MAarHUTHOTO TMOJs. B ycTpoiicTBax 3TOro THMa HewjeadbHas OpPTOrOHAILHOCTH
Tiepelarolie U MPUEMHOM KaTyIleK MPUBOJAUT K MOSBIECHUIO CBSI3HM MEXIY HMMH, U TIO3TOMY B MPUEMHOU
KaTYIIIKe HABOAWTCS HATIPSHKEHUE, KOTOPOE OOBIYHO HA3BIBAOT OMOPHBIM HJIH OCTATOYHBIM.

EMKocTHast CBsI3p MEXAy KaTyIIKaMH CBOJWTCS K MHHUMYMY C TIOMOIIBIO d3kpaHa Dapages,
YCTaHaBJIMBAaEMOI'0 MEX/Y KaTyIIKaMu.

JaTturk ¢ oJjHON KaTymikoi BrepBblie ObLT mpuMeHeH s peructpanuu IMP rpynmoii [Typcenna, Toppu
u [layHna, KOTOpbIe UCTIONH30BAIH ISl PETHCTPAIINN MOCTOBYIO CXEMY.

MoctoBasi cxema OajaHCHUpyeT OOMNbBLIOE HANPSDKEHHME PaJMOYacTOTHOTO TeHepaTtopa M TO3BOJISIET
OOHAPYKUTh MaJIble CUTHAIIBI TTOTJIOIICHHUS WITH AUCTIEPCHH TI0 pa30aiaHCy MOCTA.

B paborax mo mpumeHeHuto SIMP ¢ BBICOKMM pa3pelieHHeM IOMYYHMIA PACIpOCTPAHEHUE CXEMBI C
IBOMHBIMU T—MocTaMu 00agatoriye BEICOKOH CTaOMITBHOCTHIO.

Monynﬂ una MarHUTHOro nons

Criextpometpsl SIMP uMerOT yCTpOWCTBO JUIsi CKAHUPOBAHHS CIIEKTPaTbHOM obmactu. s 3Toro 4acto
HCIIOJIB3YHOT HM3MCHCHHUC MArHUTHOIO IIOJII IIpHU IMOCTOAHHOM 3HAYCHUM YaCTOTHI. B OompiuHCcTBE
CIICKTPOMETPOB INPUMCHACTCA MAarduTHasd MOAYJIALWA ABYX THIIOB: IMCEPUOAHMYCCKad W MCIJICHHAA
onHokpatHas. O6a ThIa MOAYJISILMM JIMHEHHBIE B TOM CMBICIIE, YTO CKOPOCTh U3MEHEHHUSI 0JIS1 HE 3aBUCUT OT
BPEMEHH.

NMpueMHuk

Curnan SIMP, Bo3HHKaIOIMIA B IPHEMHON KaTyILKe, OYeHb €J1a0, O3TOMY €ro He0OX0IMMO 3HAYNUTEIEHO
YCUITNTh. MakcuMalbHOe YCWJICHHWE ONpeleisercss IIyMaMd CXeM W MHUKPO(QOHHBIMH  IIYMaMH,
BO3HHKAIOIIUMH TIPH BpAlICHWH aMIysibl ¢ 00pa3nom. JIis MOHWMKEHHs YpPOBHsS COOCTBEHHBIX HIYMOB
NpeyCHINTENb PACIIONaraloT KaK MOKHO OJIFpKe K IPUEMHOI KaTyIKe.

[TapazuTHble HABOIKH, IIYMBI M KpaTKOBpeMEHHble (UIyKTyanuu TOJNs 3(PQEKTHBHO TMOABISIOTCS
¢wibTpoM ¢ mocrosiHHOM Bpemenu ot 0,01 mo 10 c. Ilocne ¢ubTpa curHam mocrynaer Ha NPHEMHUK,
MIOCTPOEHHBIH M0 CYNEPreTePOIMHHOMN CXeMe.

IIpoxeTekTHpOBaHHBI Ha JETEKTOpE NPUEMHUKA CHIHAJI TOCTYNAET Ha YCTPOMCTBO OTOOpaKEHHS
UH(OPMAIIUH.

2.5.5. Metoabl u npuMmeHeHune AMP

B cnexrpockonuu SIMP cyiiecTByeT MeTOZ JBOMHOTO PE30HAHCA, B KOTOPOM MpEAyCMaTpHBaeTCs
00JTy4eHHE UCCTIEyEMOTO BEIIECTBA JIOTIOHUTEIBHBIM TIOJIEM C YaCTOTOW, OTJIMYHOM OT 4YaCTOThI OCHOBHOTO
panuoyactotHoro monst Hy. Meron nBoHMHOrO pe3oHaHca MPUMEHSIETCS MPU aHaIU3€ CIEKTPOB, BKIIOYAs
OMpeACICHNE OTHOCUTECIIbHBIX 3HAKOB KOHCTAHT CITMH CITMHOBOI'O BSaHMOHeﬁCTBHﬂ.

HUccnenoBanue siiep ¢ HU3KOW YyBCTBUTEIBHOCTBIO M HU3KOM PE30HAHCHOM 4acTOTOM CTallo HOCTYIHBIM
Onarofapsi IPUMEHEHUIO MHOTOSIEPHBIX Dyphbe - CIIeKTpOMETpOB. JIJIs ompeieNIeHus TaKuX MapaMeTpoB, KaK
JUIATENIbHOCTb 90°—rpa11yCHoro UMITYJIbCa, HEOOXOJMMO JIOBOJIBHO MHOI'O BPEMEHH, T. K. BPEMEHA CIIHH-
pemerquoﬁ peirakCauun TaKux AA€p 4aCTO OUYCHb BEJIIMKH, 1 OTHOIICHUC CI/IFHaJI/HIyM IMMPaKTUYCCKU BCET A



OYEHb MaJo.

D10 otHOcHTes M K Ag'® (4yBCTBHTEIBHOCTD OTHOCHTENBHO POTOHOB 10, pesonancHas wactora 3,72
Mrg mpu 18,8 kI'c, cima I = 1/2). Hdns Toro 4roObl OOOWTH BBIICHA3BaHHBIE TPYIHOCTH MOXKHO
WCTIONBb30BaTh TOT (DAKT, YTO pPe3OHAHCHAs dacTota sjep K> IeXHT OueHb OMM3KO K 4YacToTe, a
YyBCTBHUTEJIbHOCTh BbIIE B 9,5 pa3, 4TO HOCTATOYHO AJIS MOIYYCHHUS] OMHOUMITYJILCHOTO criekTpa. Ilostomy
MOKHO 3a HECKOIbKO CEKyHI ompenenuth mmmrensrocts 90°—ummymeca ams K*°, mpuuem mms storo
WCTIONb3yeTCs JATUhK, HACTpoeHHsI Ha Ag'®, ompenenenmbiii TakuM o6pasoM 90°—rpaayCHbIH MMITYIIBC
MOJKHO HCIIONB30BaTh 1 i Ag'™.

Bospocume BozmoxxHocTH SIMP 103BONMMIM MPUMEHHUTH 3TOT METOJ K HCCIICIOBAHUIO OMOIOIMYECKHX
00beKTOB. CTpYKTYpHBIE B KOH(PUTyparoHHbIe 3 EKThl B MENTHAaX U KOPOTKUX Oeikax metonamu SIMP
BBICOKOTO pa3pellieHHs. AHanmM3 XuUMuueckux capuroB u J—kxomcrantr HY, C® u N* cymecrsenno
ympouaercs: Grarofapsi BBICOKOMY DAa3pELICHHI0O U CEJEKTUBHOCTH COBPEMEHHBIX CBEPXIPOBOASAIINX
CIIEKTPOMETPOB. [l  BBICOKOMOJIMMEPHBIX OEJIKOB MOTYT OBITh HCIOJB30BaHBI Meroabl SMP—
CIIEKTPOCKOIMH TBEPAOTO Tea.

Cnenyet ormeTuth npuMeHeHne SIMP—cnexkTpockonuu y1st ObICTPOro M TLIATETIBHOIO AaHAIN3A TOJIE3HBIX
UCKONaeMbIX (TIEPBBIM IIpUMEp — OIpeneNieHHuE COAepKaHWs Biark B yrie). braromaps MomHOMY
KOMIBIOTepHOMY obecriedenrto SIMP — Tomorpadus nomyunna mmMpokoe NpUMEHEHHE B MeAUIHE. Takum
obpazom, 3a 60 yietr cBoero cymecTBoBanus SIMP—criekTpockonus pa3Biiach B MOIIHBIH METO]| TIO3HAHUS
OKpY)KaIOIIeTO MHpa, W cTaja Oojee HarismHON, OBICTpOM W AOCTYIMHON Onaromaps TPUMEHEHHIO
KOMIIBIOTEPHOM TEXHUKHU.
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2.6. CBepXTOHKME B3aUMOAENCTBUSA, YINIOBOE pacnpeaesieHue u yrnosble
Koppensiuum
AAlepHOro raMMa-usJsly4yeHus

Jo HemaBHero BpemeHH MpoOieMa YTJIIOBOTO paclpeieieHUs W YIIIOBOM KOPPESUH Yy-IIyded B
AKCTIEPUMEHTAIFPHOM OTHOIIIEHUH TPECTABIISIA HHTEPEC TJIABHBIM 00pa3oM ist (PU3HUKOB-SIIEPIINKOB, HOO
3/IeChb OHM BUJETH BO3MOXKHOCTH OIPEACTICHUS HEKOTOPHIX BAXKHBIX XapaKTEPUCTUK SIpa, TAKUX, KaK CITUH
(MOMEHT KOJIMYECTBa ABW)KEHHMS) M MArHUTHBIH MOMEHT. M1 3To HecMOTpst Ha To, 4To emie B 1953 r. B
KJIaccmdeckoi ctatbe AOparama u [layHaa ObIT HCKITFOYUTENHHO TIOTHO M UCUEPIBIBAOIIE U3II0KEH BOIIPOC O
BO3MYIIICHUSIX, BRI3IBAEMBIX BHYTPCHHUMHU TOJISIMH [ 8].

B yacTHOCTH TNpH OJArONpPHUSTHBIX YCIOBHSIX TI0 TMPELECCUM KAPTUHBI YITIOBOTO PACIPEACICHUS Y-
W3ITyYeHUs] B MATHUTHOM TIOJIE BO MHOTHX CITy4YasX MOXKHO OBLIO OIIPEACIHUTh SAePHBIE MATHUTHBIE MOMEHTBI
BO30YXKIEHHBIX COCTOSHUI.

[TocKoNBKY CBEpXTOHKHIEC WM BHYTPEHHME MArHUTHBIC WU DJIEKTPUYECKUE TOJIS BOSMYIIAIOT YIIIOBOE
pacnpenenenne, Ha HUX 0OBIMHO CMOTPENH KaK Ha He JKelaTelbHOe sSBJIeHIe, KOTOPOe TeM He MEeHee HY>KHO
YYUTHIBATh, YTOOBI TIPABIJIHHO UCTOJKOBBIBATH IKCIIEPUMEHTAIBHBIC JAHHBIE U MTONYYaTh BEPHBIC 3HAUCHUS
SIIEPHBIX MATHUTHBIX MOMEHTOB U3 SKCIIEPUMEHTOB, TIPOBOMBIIIUXCS, KaK MPABIIO BO BHEIITHIX MarHUTHBIX
nosisix. Ho BBIACHWIIOCH, YTO BO3MYIIEHMS YIVIOBBIX KOPPEJSIIME caMH 1O ce0e MpEICTaBIISIOT OOJbIION
HHTEpEC M WX HW3yYeHHE — O3TO I[CHHbIA (M B HEKOTOPBIX CJIydasX €IMHCTBCHHBINA) METO.
9KCIIEPUMEHTATLHOTO FICCIICIOBAHMSI CBEPXTOHKUX B3aMMOICHCTBUIA B TBEP/IBIX TENIAX M KHUIKOCTSX.

OCHOBHOI TPUHIIUII METOJIa M WJIEM Ha KOTOPBIX Oa3UPYIOTCS DKCIICPUMEHTHI MPELECCHOHHOIO THIIA
COCTOSIT B CJISAYFOILIEM.

W3znmyuenne cuctemsl sifiep, HE MUMEROIINX TPEUMYIIECTBEHHON OpPHEHTAIMH B TPOCTPAHCTBE, JTOJDKHO
OBITH M30TPOITHBIM. Ho eciti pUroToBUTh CHCTEMY siIep TAKUM 00pa3oM, YTOOBI MX CITUHBI (TIPEoJiaraeTcs,
YTO OHH OTJIMYHEI OT HYJISI) IMEII HEKOTOPYIO TIPEHMYIIIECTBEHHYIO OPHEHTAIHIO B IIPOCTPAHCTBE, TO TOT/IA
YIJIOBOE pacrpe/ieNieHre U3ITydeHus, UCITyCKaeMOT0 TAKUMH siITpamu, OyJieT, BOOOIIIe TOBOPSI, aHU30TPOITHBIM.

Utak, paccMOTpyUM MpoliecC UCITYCKaHUS Y-Tydel TaKO IMOJHOCTHIO WM YACTMYHO OPUEHTUPOBAHHOMN
CUCTEMOM siziep.

MsI 3HaeM, YTO Y-Iy4d 3TO — TOTOK (DOTOHOB, HMCIYCKA€MbIX IPU BBICBEUMBAHUM BO30YKICHHBIX
SIIEPHBIX COCTOSTHUM, KOTOPBIE XapaKTePHU3YIOTCS OMPEICIICHHBIM CPETHUM BpeMeHeM km3Hu T. CpemHee
BPEMsI JKI3HH OXBATBIBACT OTPOMHBII HHTEpBas 3HadeHHi — oT 10> CeK. 10 HECKONBKHX YaCOB MM JIET
(s MeractaOwibHBIX cocTosiHME). Ho 3mech MBI OyneM WUMeTh JIeNo TJIaBHBIM 0Opa3oM ¢ Ooliee y3Kon
00JIaCTBIO BPEeMEH KHU3HU, CKOKEM OT 10 o 10°%¢.

Torma, ecnmm B TeYeHHWE BPEMEHH JKU3HM PACCMATPHBAEMBIX COCTOSHHM Ha sapa JACHCTBYIOT
COOTBETCTBYIOIIIFIC MArHUTHBIE W DJIEKTPUYECKHE TOJIsT (BHEIIHWE MArHUTHBIE IO, BHYTPECHHHE
CBEPXTOHKHE TIOJSI WA U T€ W JIPYTUE), TO, KaK U3BECTHO M3 IMOJYKIACCHUYECKOW TEOPUH, SACPHBIC CIIHHBI



JOJDKHBI TIPELIECCUPOBATh B 3THX MOJAX. DTO, KOHEYHO, NPUBEJET K U3MEHEHHUIO YIJIOBOI'O paclpeeIeHHs
UCITyCKaeMoro n3inydeHus. CreneHb U3MeHEeHuUs! OyAeT 3aBUCETh OT HHTCHCUBHOCTH B3aUMOJIEHCTBUS sipa C
paccMaTpUBaeMBIMH TOISIMHU M OT BPEMEHH >KU3HU BO30Y>KIEHHOTO COCTOSIHUSA, TaK UTO Mpereccust OyaeT TeM
cujbHee, 4YeM OOoJIbllie cpefHee BpeMs KH3HHU. M3Mepsisi 3MEeHEeHHe YIiOBOTO PAaCIpesieNieHus], U 3Had T,
MO>KHO OIIPEAEIIUTD BEJINUMHY B3aUMOJICHCTBUSL.

Kpatko paccMOTpHM OCHOBHBIE CBOMCTBA JIEKTPOMATHUTHOTO IOJS M3IYYEHHS, COOTBETCTBYIOLIEIO
paaranoOHHBIM MEpexoiaMm siaep.

Ilyctp kBaHT M3myuenus ¢ sHeprueit E = hv m3mydaercs npu mepexoze sapa U3 COCTOSHUS CO CIIMHOM
(MOMEHTOM KOJIMICCTBA ABMKCHHS) [; 1 YETHOCTBIO Ty B COCTOSTHUE CO CITMHOM I, M 9eTHOCTEIO T, (pHc. 15).

DNEeKTPOMarHUTHOE TOJIE U3IYUYEHHS XapaKTepH3yeTcs ONpeleNIeHHbIM 3HaYeHHEM MYJIbTUIIONBHOCTH L.
310 3HaueHHe paBHO | (B Cllydae ITUIIOIBHOTO U3Ty4YeHHs), 2 (B Cydae KBaJAPYIOJIbHOTO M3TyUCHUs) U T. [I.
MoMeHT KoNuJecTBa JIBIKEHNS, IEPEHOCHMBI KBAHTOM TAaHHOW MYJBTUTIONBEHOCTH, OymeT paBeH hL.

[Mpamia oroopa mo L takoBel: |l;— I <L< [l;+ |5, Tun u3nydenus Oymer onpenensThesi MPaBUIIOM
0TOO0pa MO YETHOCTH.

1,7,

hv

1,7,

Puc. 18. Cxema y-mepexona Me;kay ABYMsl iIePHBIMH COCTOSIHHSIMH

B mo00M KOHKpPEeTHOM Iiepexoie Mbl OOBIMHO HWMEEM [IeJ0 C HH3MMMH  BO3MOXKHBIMH
MYJIBTHIIOJIBHOCTSIMH, Pa3pelIeHHBIMHI MPAaBIJIaMH O0TOOPa, TMTOCKOJIBKY IPH MOBBIIICHUH MYJIbTHIIOIBHOCTH
BEPOSITHOCTh PAIHALMOHHBIX TIEPEXOIOB CHIBHO YMEHBIIASTCS TIPOMOPLHOHATBHO (a /A) 2, rie a — pasmep
aapa ¥ A — JUTMHA BOJIHBI M3YYEHHUS. DTO O3HAYAET, YTO MPAKTUUECKU PEATU3yeTCs TOJIHKO HAMMCEHBIIEe
3HayeHne L wim mo kxpaiiHed Mepe HeKOTopasi CMeChb HAWHHU3IIEr0 MYJIBTHIIONBHOTO TIOJS CO CIETYIOIIHM
MyJIbTHTIONEM Topsiaka L + 1, KoTopblid 01HaKO, TOJDKEH HMETh TY e CaMyl0 YETHOCTb, IOCKOJIBKY YeTHOCTh
COXpaHseTCsl.

Tak, HanpuMep, NP MEPexoe MEKTY JABYMS COCTOSIHUSMH CO CIIMHOM 2 M C OJIMHAKOBON YETHOCTBIO
(puc. 19a) y Hac nomkHa OBITH cMech M3MydeHnid tumia Ml u E2 (MarHuTHOE MUITONBHOE W 3JEKTPUYECKOe
KBa/IPYTIOJILHOE).

Touno Tak ke Tpu repexoje, M300paKeHHOM Ha puc. 190, momkHa OBITH CMECh AIEKTPHYECKOTO
muronbHOTO (E1) M MarauTHOTO KBaspynonsHoro (M2) n3mydeHui.

Ho B jmeicTBHTENFHOCTH MBI OYEHb YaCTO MMEEM TPABO TOBOPHUTH O MOYTH YHCTOM MYJIBTHUTIONBHOM
W3ITy9ICHHH.

B ciydae ke W3NMydeHMS CMEIIAHHOW MYIJIBTHIIONBHOCTH BBEAEM KOI(P(UIMEHT CMEIHMBaHUA O —
OTHOIIICHUE aMIUIUTY/ TOJIeld W3IydeHHs] COOTBETCTBYIOMIMX MYJBTHIONbHOCTe. Torma & Oyner paBHO
OTHOIIIEHHIO MHTEHCUBHOCTEHN (TIPOMHTET PUPOBAHHBIX 110 BCEM YTJIaM) MYJIbTUTIONBHBIX TIOJICH.

Ha yrioBbIX pacmpefieieHusix dYacTo 3aMETHO CKa3bIBAIOTCSl JIaKe BECbMa Majlble 3Ha4yeHHUs
K03((UIMEHTa CMETITMBaHHSL.

MI+E2

[,=2, veTnoe
2a



[[=2, 4eTHOE s—p—

E1+M2

[,=2, yeTHoe
20

Puc. 19. Ilpumepsl nepexo0B ¢0 CMEIIAHHONH MYJIbTUNIOIBHOCTHIO

B okcmepuMeHTe TO Y-y KOpPpPEISIIMH MBI MMEEeM JIel0 C SIpaMHu, HMCITYCKAIOIMMMHU B PE3yJIbTaTe
KackagHoro nepexosa (puc. 20) ouH 3a IpyruM 1Ba Y-KBaHTA. [IepBbIif Y-KBAHT CEEKTHBHO PETHCTPUPYETCS
cuetunkoM 1, a Bropoil cuerunkoMm 2 (puc. 21). Iomb3ysch COOTBETCTBYIOMIEH Aammaparypoi, Mbl
PETHCTPUpPYEM CITydal OIHOBPEMEHHOT'O TOSIBJICHHSI KBAHTOB B OOOWX cdeTdmKax (T. €. "CoBmaaeHH'") B
3aBUCUMOCTH OT yrJia ® MeXy HalpaBJICHUSAMH PACIIPOCTPAHCHHUS KBAHTOB.

Puc. 20. KackagHblii y-nmepexon
[puBenem BaskHOE OOIIIEE TIPABIIIO, 8 UMEHHO: (DYHKIIMIO YTIIOBOM KOPPEISIHA MOKHO HAINCaTh B BUJIE:
W(@) =2 A Py (COS@), (240)
rae Py (cos®) — nonuaOMBI Jlexkanapa. OyHKIMIO pacrpeaereHus IPUHATO HOPMHUPOBATH TAKUM
obpazom, uto A, = 1.
Hpyrue, unorna 6osiee yao0HbIe (hopMmb 3arucu W(®) TakoBbI:

W(®) = X a, cos kO, (2.41)

W(O) =X bycos“®.  (2.42)

Anrebpanueckoe COOTHOLICHHE MEXKAY STUMH KOd(P(UIMEHTaMH MOXET OBITh JIETKO MOMYy4YeHO. DTH
BBIPA)KEHUS! IIPUTOAHBI IPU YCJIOBHH, YTO KOPPEJSILMS HE HAPYLICHA, T.€. HET CYIIECTBEHHBIX BO3MYILEHUN
BO3JICHCTBYIOIIMX HA SIJIPO B IIPOMEXKYTOUYHOM COCTOSIHUY KacKaJa.



Cuetunk 1 CueTunk 2

Cxema coBHaIeHUNA

Puc. 21. Cxema u3MepeHus YIJIoBoO# YY-KoppeJsiiui KBAaHTOB
noj yryiom 0

B kauectBe mpocTOro mpHMepa paccCMOTPUM KackKaj, IMPUBEICHHBIH Ha pUC.22, B KOTOPOM, CIIMH
MPOMEXXYTOYHOTO cocTostHusS | paBen emunmiie. Torma mpaBmia otoopa TpeOyroT, 4ToOBI 00a y-Tiepexonaa
OBUIM YMCTO AMIOJIBHBIMH (NIEKTPUUECKUMH WM MarHUTHBIMH). Hanoxum odeHp crnaboe MarHUTHOE TOJIe,
HACTONBKO cnaboe, 4YToOBl MOXKHO OBLTIO TpeHeOpeub HapylmIeHHEM KOPPEH B IMPOMEKYTOYHOM
coctostann. B pesynbrare ypoBeHb ¢ | = 1 pacmienurcest Ha Tpu MarHUTHBIX ToAypoBHs ¢ m = 0, = 1. Beibepem
OChb KBAaHTOBAaHHUs BJOJb HANPaBICHHS Ha (DPUKCUPOBAHHBIA CUETYHK, PETHCTPUPYIOLIMN H3IIydEeHHE IPU
TNEPBOM IICPEXOAC KaCKaaa. Torz[a N3MCHCHUEC MArHUTHOI'O0 KBAHTOBOI'O YMCJia OJI AWUIIOJBLHOI'O M3ITYyYCHHSA
Oynmet paBHO Am = + 1, clIeI0BaTeNbHO, B IPOMEKYTOYHOM COCTOSIHUU OYJIYT 3aCEJICHbI TOJIBKO MOYPOBHU
cm= £1,

TakuM IyTeM MBI BBIOMpaeM OIpe/IeNICHHYIO 3aCelIEHHOCTD MOJypOBHEN MIPOMEKYTOUYHOTO COCTOSHUSI.

W3 osnemMeHTapHOH TEOpHH BIEKTPOMArHUTHOTO JIMIIOJBHOTO W3JIy4YeHHsT HW3BECTHO, YTO YIJIOBOE
pacnpezaeneHre U3TydeHus Ipyu Nepexoe ¢ KaXI0ro U3 MOAYPOBHEH C JaHHBIM M B OCHOBHOE COCTOSIHHE
A7pa ¢ HyJIEeBBIM MOMEHTOM ONPEIEIACTCS] COOTHOLICHHUSMH:

F'(0) = ;(1 +c0s’0), m== 1, (2.43)

F.°(0) = ; sinf, m = 0. (2.44)

. Ecm% GBI BCe TPH TIOyPOBHS OBUTH OJMHAKOBO 3aCENCHBI, TO MOCKOIBKY Benmumnaa W(0) = F{*(0) + F;

(0) + F1°(8) = 2 u He 3aBucHT OT yria 0, m3nydenue ObUTO OB M30TPONHBIM. HO Tak kKak B HaIlleM TIpUMepe
BO30YK/IEHBI TOJLKO COCTOSIHHMSI ¢ M = *1, ()YHKIHs YIIOBOW KOPPEISIMU B DKCIIEPHMEHTAX IO CXEMe
COBIa/IeHUI OyJIeT UMETh B

W(0)=F"(0)+F'(0)=1+cos’ 0= ;1 [1+0.5P,(cos 0)]. (2.45)

W3 nmpuHIMDa CIEKTPOCKOIIMYECKOW YCTOHUMBOCTH CIEHYET, YTO IOJIYYEHHBIH HaMHM pE3yJbTaT He



3aBUCHT OT HAJIMYHS CJ1a00r0 MarHUTHOT'O TIOJIS.

Haunboree BayXHO 9acThIO pacCMaTPUBAEMBIX CBEPXTOHKHX B3aWMOJCHCTBHUI SBIIIOTCS TJIABHBIC WICHBI
Pa3NOXKEHUs 0 MYJIBTUIIONSAM IEKTPUUECKON U MATHUTHOM YacTel B3auMOACHUCTBUSL.

JIi MarHWTHOM 4YacTH 3TO — MAarHUTHOE JIUIOJILHOE B3aMMOJCWCTBUE, BKIIFOYAIOIIEE B CEOS
B3aMMOJICHCTBIE MATrHUTHOTO S/Ipa C MarHUTHBIMH TIOJISIMH, CO3[[aBaéMbIMHA Ha SIpe CIHHOBBIMH U
OopOUTATEHBIMI MOMEHTaMH JIEKTPOHOB.

L,

I
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Pe3zonancHoe DKBUBaJICHTHBIN
Paccesnne Kackan

Puc. 22. Pe3oHaHCHOe paccestHUe Y-Ty4Yell H YKBUBAJIEHTHBII KacKa/l

B pasnokeHHn 3MEKTPHYECKON YacTH MMEIOTCS JBa WIEHA: OOBIYHOE KYJIOHOBCKOe (''MOHOMONBHOE")
B3aMMOZEHCTBHE (C MaJlbIM{, HO CYLIECTBEHHBIMH IONPaBKaMU K HEMY, BO3HHKAIOLIEE M3—3a KOHEYHOI'O
pasMmepa pacnpeneieHus 3apaaa Sapa) U AJIEKTPUUECKOe KBAAPYNOJIbHOE B3aMMOZEHCTBHE (ONpeaesieMoe
KBaIpYIOJIEHBIM MOMEHTOM $JIpa U TPaAUEHTOM 3JIEKTPUIECKOT0 MO Ha S/Ipe, CO31aBaeMOro OKPYKAOLUM
pacripeniernieHueM 3apsioB). KynoHOBCKuil WieH B3aMMOICHCTBHS HE MOYKET OKa3bIBaTh BIMSHUS HA YIJIOBYIO
KOPPEJALIMIO Y-TIy4el, IIPU UCITyCKaHUM KOTOPBIX, KaK MBI YK€ BHJIEIH, B IOJI€ U3Ty4eHHsS BO3HHKAET, I10
KpaiiHell Mepe, eIMHUYHBI MOMEHT KOJIMYECTBa ABWKEHUs, U TIO3TOMY €ro MOXKHO He paccMmaTrpuBath. (B
9TOM 3aKJIFoYaeTcs BakHOe oTiamure oT 3ddexkra Meccbayspa.) CrenoBaresibHO, Mbl OyleM HMETh JEJI0
TOJIBKO C MarHUTHBIM JTUIOJIBHBIM M AJIEKTPUUECKUM KBaPYIOIBHBIM B3aUMOJCHCTBUSMHL.

BooOe rosops, Oonblnoe 3HaYeHHE MMEET M BPEMEHHAs 3aBUCHMOCThH MOJOOHBIX B3aMMOACHCTBHIA.
MOXHO TOBOPUTB OTJIENIBHO O CTATUYECKUX B3aMMOJICHCTBUSIX M O B3aHMOJACHCTBHSIX, KOTOPHIC 3aBHUCIT OT
BpeMeHH. CTaTWYecKHe CBEPXTOHKME MAarHWUTHBIE M KBaAPYMOJbHBIE IIOJNSI MOTYT CYILIECTBOBAaTh B
HaMarHW4eHHBIX J0 HACHIIIEHUs (peppoMarHeTHKax WM B MapaMarHUTHBIX BELIECTBAX IPHU OYEHb HU3KUX
TeMnepaTypax. [Ipy MoBbIIIEHHH TEMTIEPATyPbl BOSHUKAIOT (UIyKTYaIuK, 0OBIYHO YCIOKHSIOIINE KAPTUHY.

Haunbosee nmonHyro 1 leHHY0 UHQOPMAIIUIO TTOTYYar0T U3 U3MEPEHHUI 3aBUCAIINX OT BPEMEHHU YTIIOBBIX
koppersiuuid. Takue M3MepeHuss BO3MOXKHBI, KOTJ[a paspellaroliee BpeMsl JIEKTPOHHBIX CXEM COBIAJACHHUN
3HAYUTEIFHO MEHBIIE BPEMEHW JKM3HU COOTBETCTBYIOIIETO TMPOMEXKYTOYHOTO COCTOSHHSA. B HacTosmiee
Bpemst jocTkmMbl Bpemena 100 ¢ u menee. IT03TOMY NpPH JAHHOM YIJIOBOM PACCTOSIHHH MKy
CUETYUKAMHU MOXKHO U3MEPATH CKOPOCTH CUETa COBIA/ICHUI B 3aBUCHMOCTH OT BPEMEHH, B TEUEHHUE KOTOPOT'O
AP0 HAXOIUTCSI B NPOMEXKYTOYHOM COCTOSIHMM, HE pacmazasicb. Ha mpakTuke CKOpOCTb COBNageHHUN
W3MEpSIETCs] B 3aBUCHMOCTH OT JIIMHBI MPOTPaIyHUPOBAHHON JIMHUM 33/IEP>KKH, BBEJICHHOW B OJIHO ILICYO
cXeMbl coBnaJieHuit. Toraa yriosast Koppensuus Oyzer, pyHKIueH BpeMeH! 3aepKKH, a BO3MYILEHHE OyaeT
TeM OOJIbILIE, YeM JIONBILIE SAPa OCTAIOTCS B IPOMEXYTOUHOM COCTOSIHUM, HE paciagasch.

He Bo3mylneHHass yrioBasi KOppessiiudsi He OyleT 3aBUCETh OT BPEMEHH, MPOBOJUMOIO SIPOM B
NPOMEXYTOUYHOM COCTOSIHMH. Torma B orcyrcTBum BodmymieHwin  W(O, t) = W(O, 0). Ilpn namaaum
BO3MYILEHHUS:

W(O0.) =D Gu(t)AcPi(cos 0), (2.46)
k

rae Gy(t) — ¢yHKuIMEM BpeMeHH, XapaKTepH3yIOIIUe 3aTyXaHHe KOPPEISIMOHHBIX KO3((UIIMEHTOB,
BCE MEHBIIIC €JMHHUIIBI.
B mo6oMm peasbHOM 3KCIEPUMEHTE CYETYMK MOXKET PErHCTPHPOBATh BTOPUYHOE H3IyYCHHE B



KOHEYHOM HHTEpBasic BpeMeHH At = (ty tp) mocne akta mepBUYHOTO M3MydeHUs. M3mepsiemast GyHKIMS
KOPPEJISIHH, ¢ YIETOM SKCTIOHCHITHAILHOTO pactiaa BO30YKICHHBIX COCTOSIHUMN OyIeT UMETh BUI:
t(2)
jw (0, t) et/ dt
t(D)
w (9, tltz) = t(2) . (247)
J' e —t/z dt

t(1)

Wurepsan (t; t;) He MOXKeT ObITh, KOHEYHO, MEHBIIIC PA3PEIIAFONIEr0 BPEMEHH SKCIEPUMCHTAIBHON
ycTaHOBKM. Ecnu paspermnaroriee Bpems, Kak ObIBacT WHOT/A, 3HAYUTEIBHO OOIIBINIE CPEHEr0 BPEMEHU
SKU3HH, TO MOJKHO U3MEPUTH TOJIBKO UHTEIPAILHYIO KOPPETISIIUIO:

jw (0,t)e 7 dt

W (0, 00)= ° =
eft/rdt

W0, t) e "dt. (2.48)

N |
O 8

W3mepennst MHTErpajbHON KOPPEISILIUK, BOOOIIE TOBOPS, AAlOT 3HAYUTEILHO MEHBbIE MH(POPMALUH O
IIPUPOZE PACCMATPUBAEMBIX CBEPXTOHKUX B3aMMOJICHCTBHIA.

2.7. ConocrtaB/ieHMe MeTOAUK permcrpauum CBepXTOHKUX B3auMoaencTBumn

SII'P- cnekTpockomnMs IO3BOJIIET U3MEPUTH CIBUTH SIICPHBIX YPOBHEH, CBS3aHHBIX CO BCEMHU TpeMH,
YUUTBIBAEMBIMH B Pa3lIOKECHUH, WieHaMH raMwisToHHaHa CTB, a Taxke cpeqHEKBaJpaTHUYHbIE CMEICHUS
«® ¥ CpemHEeKBaIpaTHUHbIE CKOPOCTH V5. Kpome Toro, u3 aud(y3HOHHOr0 paciMpeHHs CIEKTPaTbHBIX
JMHAKA MOTYT OBITH TONYYEHBI CBENEHUs 0 MexaHmsMe auddysun. VccmemoBaHus MPOBOMATCS Kak Ha
CTaOWIIBHBIX, TAK U Ha PalMOAKTUBHBIX SApax.

YMeHblICHHEe MHTEHCUBHOCTEM CIEKTpaibHbIX JUHUKA SI'P ¢ pocToM TemmepaTrypbl OrpaHUYUBAIOT
BO3MOXKHOCTH METO]] BEPXHUM TIPEJIEIIOM TeMIieparypbl T, Ipu KOTOpoM BenuurHa BeposTHocTH f — addexra
Mecchayapa ele JOCTaTOYHO BejlrKa (BIIPOYEM, B pslie CIIy4acB TeMIleparypa MOKET ObITh MOJAHSTA 0
TeMIepaTypsl  MPEAINIaBWIBHOTO COcTOsiHUS). [IpuMeHHTENnbHO K TONIIMHAM HCCIEAYEMBIX OOpasLoB
meroauku  SIIP  MoXHO pa3nenuTh Ha JBe TPyNNbl MO BEJIMYMHE MPOHHKAIOIIEH CIOCOOHOCTH
PETHCTPUPYEMOTO U3ITYyUEHHSI.

B mepBoit Meroauke B MeTal OOBIYHBIMU METATYPrUuecKUMH HpreMamu (Hanpumep, anddysueii)
BBOAATCS DPaJMOAKTUBHBIE NPUMECH, sapa KOTOPBIX oOyiamaroT MmeccOayspoBcKkuM mepexonoMm. Cruias
TIO/IBEPraroT OOJTYUCHHUIO, BCIIGACTBHAE KOTOPOTO JIOKATBHOE OKPYKEHHE YacTH MeccOaydpOBCKHX MpUMecer
(0OBIYHO 3aHUMAIOIIMX TOJOXKEHUST 3aMEIICHHUS) M3MEHSETCS, YTO IMPOSBISICTCS B CIEKTPE HCIYCKaHHS
(SMHCCHOHHBIN BapuaHT). AHAIOTUYHBIA 3KCHEPUMEHT MOXKHO IPOBECTH B CIIydae, €cid B METaUI BBE/ICHA
MPUMECh CTAOMIIBHOTO MecCOayIpOBCKOro M30Toma (a0COPOIMOHHBIA BapyUaHT, a TAKXKe SKCICPUMEHTHI Ha
paccesiHe Y-KBaHTOB). B 3THX ciydasx uccieayeMble TOIIIMHBI MaTepuaia ONpelessiFoTCs MPOHUKAIOIEeH
CIIOCOOHOCTBIO MeccOay3pOBCKUX Y-KBAHTOB M COCTABIIIIOT B 3aBUCHMOCTH OT aTOMHOTO HOMEpa MeTajlia—
MAaTpHUIIBI IECATKH MUKPOH.

Bo BTOpOI#t rpyme METOAVK MpH UMITIAHTALUY TSHKENIBIX HOHOB B METAJUT PaJHallIOHHBIE TTOBPEXKICHHUS
BO3HMKAIOT B CPAaBHUTEIBHO TOHKOM TIOBepXHOCTHOM cinoe < 1 wmkm. llosTromy mis moBbIIIEHHS
YYBCTBUTEIBHOCTH HCIIONB3YETCS METOIMKA, B KOTOPOW PETUCTPUPYIOTCS 3JIEKTPOHBI BHYTPEHHEH
KOHBEPCUH, MHCITyLIEHHbIE MeccOay> pOBCKMMH SIpaMHM TIPU TI€pexofie sapa B OCHOBHOE COCTOSIHHE.
(MeccbayspoBckuii mepexos, Kak HpaBWIlo, XapaKTepU3yeTcs OONbIINM KO3((HIMEHTOM ¢ BHYTpEHHEH
KOHBEPCHUU Y-Ty4eil, Hampumep, Jis Fe o = 9.) B cxemax SKCHEpHMEHTa, HCIIOIL3YIOMINX METOAUKY
pEryCTpalii KOHBEPCHOHHBIX 3JIEKTPOHOB TNPH MeccOay’poBCKOM paccesHuu y-kBaHToB (MCKD) Ha
MIOBEPXHOCTh 00pa3iia MajiaeT IMydyoK MeccOaydpOBCKHX Y-KBaHTOB. [Ipu pe30HAHCHOM paccesiHMM W3—32
MaJloil NPOHMKAIOLIEH CIIOCOOHOCTM KOHBEPCHOHHBIX M OXE—DJIEKTPOHOB C IIOBEPXHOCTH 00pasua
HCITyCKAIOTCS. TONBKO OMIEKTPOHBI, COOTBETCTBYIOIINE TOIBKO TOHKOMY Cioro Tonmmuoi 10°-10% A B
3aBUCHMOCTH OT aTOMHOTO HOMepa BemiecTBa MulleHH. OcTajbHbIE SJIEKTPOHBI, CBSA3aHHBIE C Ooiee



ITyOOKHMMH CJIOSIMH, TIOIJIOIIAOTCS B MaTepHaie.

MeccGayapoBCKasi CIIEKTPOCKOIST KOHBEPCHOHHBIX an1ekTporoB (MCK?D), mcronbsyromast sypa ° Fe,
SBJISICTCSl METOAOM Hepa3pylLIAloIero aHaju3a M KOHTPOJS TOHKHX JKene3ocoiaepkammx cinoéB. Ona
OCHOBaHa Ha PETUCTpaLK B TEOMETPHH PACCESHUS AEKTPOHOB BHYTPEHHENW KOHBEPCHH U 03KE—3JIEKTPOHOB,
KOTOpbIE BO3HHUKIM IpU pacnaze BO30YKAEHHOIO COCTOSIHUS siipa, OOpa3oBaBLIErOCsS B pe3yJbTaTe
PE30HAHCHOTO (MeccOayIpPOBCKOT0) TOTIIOMIeHNs raMMa—kBaHTa 14.4 k3B OT pamioakTHBHOTO HCTOYHHUKA. B
Mmetosie MCKD peructpupyroTcst BCe JIEKTPOHBI, BRIOUTHIC M3 00pa3iia BCICICTBAE BHYTPSHHEH KOHBEPCUHU
IIOCJIE PE30HAHCHOTO MOmIomieHus. VX umciio orpaHudeHoO paccesHueM B Marepuane oOpasua. Toibko
3NIEKTPOHBI, HOSBUBIIUECS U3 aTOMOB, PACIIOIOKEHHBIX BOJIM3M HOBEPXHOCTH, MOTYT NOKHUHYTH OOpaseL.
Oxkomo 65 % JeTeKTUpYeMbIX KOHBEPCHOHHBIX 3JIEKTPOHOB ¢ sHeprueid 7,3 k3B oOpasyrorcs B cioe
ry6unolt ~600 A u 95 % — B cnoe ~3000 A or nosepxmoctn. Takum 06paszoM, AETEKTHPOBAHHUE
KOHBEPCHOHHBIX M OXKE—3JICKTPOHOB MO3BOJSIET IIONYYHTh MeCcOaydpPOBCKHE CIEKTphI siep Fe,
HAXOJSIIMXCSA B TMOBEPXHOCTHBIX CIOSX IIyOuHOM 10 ~3000 A. UyBCTBUTENHHOCTH METONA 3aBHCHT OT
KOHIICHTPALIMH ’KeJe3a B MOBEPXHOCTHBIX CIIOSX M OTHOLICHHS YHCIIa KOHBEPCHOHHBIX IEKTPOHOB K (poHYy.

[Ipu u3yueHnM MMIUIAHTAIMK MOHOB O4YeHb IoJ1e3HO Hapsny ¢ MCKD mpumeHeHne Opyrux METoIoB,
TaKMX, KaKk KaHAJUPOBAaHWE WOHOB, TPOCBEUMBAIOIIAS 3JIEKTPOHHAS MHKPOCKOIHS, PEHTTEHOBCKas
(oTosMuECCHSs, 0Ke-CIIEKTPOCKONHS U T. 1.

IlepeiineM K MeTOAMKaM INPELECCUOHHOTO THUMNA, B KOTOPHIX HMH(pOpMaLus CBA3aHa C Ipeleccuent
SAEPHOTO CIMHA IMPUMECH BO BHYTPHKPHUCTAUIMYECKUX MArHUTHBIX M SJEKTPUYECKHUX IOIAX U HO3TOMY
OTHOCHUTCSI KO BTOPOMY U TpeTbeMy wieHaM ramuwibTonrana CTB (1.1). Ceenenuii 0 TMHAMUKY PELIETKUA 3TU
METOAMKH HE AT, HO B oTinyue oT SI'P B npuHImne He MMeeTcsl OrpaHUYCHUs 10 UX HNPUMEHEHHUIO CO
CTOPOHBI BRICOKUX TeMIiepaTyp [2].

W3ydeHre WHTErpajbHBIX MO BPEMEHH BO3MYILECHHBIX YIJIOBBIX KOPPEISLMI U 3aBUCSIIMX OT BPEMEHU
middepenmmansapix  yroBeix  koppemsimmii (MBYK u JIBYK  cooTBeTcTBeHHO) TmpoBOAWTCS Ha
PaIMOAKTUBHBIX AAPax, MEPEXOAAIINX B OCHOBHOE COCTOSIHHE ITyTeM KacKaaHbIX Y-y, B~y 1 o~y mepexonoBs. B
MIOCTIEZIHEM CITy4ae sIIpO MPU MCIYCKaHUHU O-4acTHLbI IPHOOPETaeT SHEPTHIO0 OTAAYH, JOCTATOYHYIO IJIs €10
umIDianTain B Metaul. Meroq MBYK He mo3BossieT Mpom3BeCcTH HISCHTH(PHKAIIO HESKBHBAJICHTHBIX
KpUCTaJUIOrpaMuecKux IMOJOKEHUH, TaK KaK OH JaeT YCPeJHEHHYI0 MO BpeMeHH KapTuHy. OT 3TOTrO
HemocTaTtka cBoOomeH merox JIBYK, ¢ momompio KOTOpOTO pa3iuyarolivecs JIOKaJbHBIE OKPYKEHHUS
PaIMOAKTUBHOM NPUMECH MOTYT OBITH BBISBICHBI O YHCIY MOIYIMPYIOLIMX HCITyCKAaeMOE H3ITydeHHE
YacToT.

C wmeromukamu BYK cxomHbl METOIMKH, PErHCTPUPYIOIIME BO3MYIIEHHE YTJIOBOTO pacHpeesieHUs
M3ITy9YeHHUs], UCITyCKaeMOro Iocie sIepHON peakiuuu Wi Bo30yxueHus siapa. Sapo-undopmaTop 3a cuer
SHEpruM OTAA4M 3aHMMAaeT HOBOE IOJIOKEHHE B MaTepHaie, XapaKTepu3yeMOe BEIMYHHON M XapaKkTepoM
BO3MYILIEHUS YIJIOBOTO paclpeeieHs.. DTUMH METOAMKAaMH HCCIIEAYIOTCS TMPOLECChI, MPOUCXOAIINE B
pazIMYHble MHTEPBAJIBI BPEMEHH T0CIe MOMEHTA UMILUIaHTauuy. Ecim, HanpuMep, 9acTHIBI OT YCKOPHUTEIS,
NPUBOILIME K OOpa30BaHMIO HOBOTO COCTOSIHUS sigpa B MHIIEHH, PETHCTPHPYIOTCSI B COBIAACHHUH C
M3IIyYeHHEeM, UCITyCKAaeMbIM IIPU PacIajie 3TOro HOBOTO SAEPHOTO COCTOSIHUS, TO TOBOPST, YTO 3Ta METOAMKA
CBsI3aHa C BO3MYILEHHEM YIJI0BOH Koppersiuuy npu umiuiantaimi (MMBYK).

Meroauka UMBYK wucnone3yercst kKak B MHTETpaJIbHOM, Tak W B auddepeHnransHoM BapuaHTax. B
TIEPBOM CITy4yae U3y4yaroTCsl COCTOSIHUS C OYEHb MaJIbIM BPEMEHEM >KHU3HH, BO BTOPOM — CO BPEMEHEM KH3HU
He menee 107° c. KOHE4HO, Mpeien MAaIoro BPEMEHH JKH3HH OMPEENSCTCS PA3PEIIAONAM BPEMEHEM
3NIEKTPOHHOM ammapartypsl. Peructpanums MoMeHTa 00pa3oBaHMs HOBOTO SIAEPHOTO COCTOSIHHS MOKET OBITH
MPOM3BE/IEHA C TIOMOIIBIO MyJBCUPYIOIIETO MyYKa YCKOPSIEMBIX YacCTHUII, TIPH 3TOM JUIUTEIbHOCTDh UMITYJIbCa
BBIOMPAETCS MAJIOH TI0 CPAaBHEHHIO C BpEMEHEM >KH3HHU BO30YKaeMOro SIEPHOTO COCTOsIHUS. B aTOM citydae
UCCIIelyeTCsl BO3MYIIEHHE YIJIOBOro pactpenenenuss npu ummmiantaimn (MMBYP). Ecim  wactoty
NpepbIBaHMS IIyYKa CHHXPOHH3HPOBATh C YaCTOTOM MPELECCHH CIIMHA SApa BO BHEITHEM MarHUTHOM IIOJIE, TO
METO/IMKa CBfi3aHA CO CTPOOOCKONMYECKUM HAOMIOZCHHEM BO3MYIIEHHOIO YTJIOBOTO PACIIPEICIICHNUS
(CHBYP). Metonuka CHBYP wucmnonb3yercst sl U3y4eHHs MPOIECCOB peaKkcaliy SAEpHOTO CIIMHA MPU
MMIUIAHTALUH.

AHM30TpPOIHS YIJIOBOTO PACTPEACNTEHUs - WM Y-M3JIyYeHHUS, OPUEHTHPOBAHHBIX NPU OYEHb HHU3KHX
temnepatypax sizep (OS), cBsi3aHa C YCpPEOHEHHBIMH IO BCEM SApaM CBEPXTOHKMMU MAarHUTHBIMH H
ANIEKTPUYECKUMH KBAIPYTIOJIBHBIME B3aUMOIeHCTBUSIMU. CBEJICHHS O JIOKAJIbHOM aTOMHOM OKPY>KEHHUH siJiep-
30HAOB MOTYT OBITh MOJIydeHBl C IOMOILBIO HM3MEPEHHS TEeMIEpPaTypHOH 3aBUCMMOCTH aHHW30TPOIHMU
YIJIOBOTO pactpeneneHus. Meroa orpaHudeH oO0JacTbl0 O4YeHb HHM3KUX TemIeparyp. Pasperarorryio
criocobHOCTh MeToma OSl 1Mo BBIAEIEHUIO PA3NUYHBIX JIOKAJBHBIX OKPY)KEHHH MOXKHO CYIIIECTBEHHO
TIOBBICUTh, M3MEHSSI 3aCEeJICHHOCTh SEPHBIX IOXYypPOBHEW MpPH HATOKEHWH Ha 00pasel] CTAMOHApHOTO U



BBICOKOYACTOTHOI'O MAarHUTHBIX MOJiCH ¥ u3Mepss ee panee MerogoMm SIMP (O51/OMP). Drot npueM MOXKeET
OBITh TAKOKE UCTIONB30BaH Ipu m3yueHuu BYK 1 BYP,

CxeMa, TIpeICTaBISIONIAsS 3aBUCUMOCTh XapaKTEPHOTO BPEMEHHU IPoIlecca OT OOpaTHOW TeMITEpaTyphl,
WITIOCTpUpYeT Haubomnee apdekruBHoe npumeHeHne Metouk CTB s pasnuyHbIX UHTEPBAIOB BPEMEHH U
TeMIepaTypsl Ha mpumepe craauii omxura o-Fe. ITo ocu abciwmce otknagpiBaercs 3Hauenue 1/T, toe T —
Temrieparypa obpasma. [lo ocu opmuHaTt B JorapudmMmdeckoM MaciTabe OTKIaAbIBaeTCs Bpems t,
XapaKTepHOe JJIsl JaHHOTO M3Y4aeMOro IpoIlecca, HadMHAS ¢ MOMEHTa MMIDIAHTAI[MHA YacTHIBI B TBEPIOE
TeJIo.

B TeueHue mporecca TOPMOKEHHs HOHA B (heppPOMArHHTHOM MaTpHIie, mpofomkaromerocs ~10 2 ¢ o
BiusiHreM H u 'Ol MaTpHilel pOMCXOUT MPENeccHst SAEPHOTO CIIFHA MOHA. JTa TPereccusi MOXKeT OBITh
n3ydena meroioM MMBVYK Ha simepHBIX iepexofiax ¢ BpeMeHaMH KH3HU < 10 ¢ [12].

HccnenoBanne crammii oTkuTa TpeOyeT MOBHIIIEHUs TeMItepaTypsl oopasna. [Ipu aTtom nmocnenoBarensHO
MPOUCXOJUT BHAuYalle AHHWTWIANUS Onm3kux map DpeHkens, 3aTeM CTAHOBATCS MOJBHKHBIMU
MEXKIyY3elbHbIe aToMbl. [Ipu nambHEHIIeM MOBBIICHUN TEMIICPATypbl MUTPUPYIOT BaKaHCUH, U3MEHSIOTCS
pasmepsl U ¢dopMa CKOIUTEHWH W T. . BbIOpaHHBIM B TESIX HCCIENOBAHHUS TpEAENaM TEeMIEPaTypHOTO
WHTEpBaJIa COOTBETCTBYIOT BIIOJIHE OTNPEICICHHBIC YaCTOTHI MEPECKOKOB IMOJBIDKHBIX B JTAHHOW 00JIACTH
nedeKToB.

Kunetnky omxura, CBSI3aHHYIO C TIEPEMEIICHUSMHE OTPEICIEHHOTO THIA Ae(hEKTOB, MOYKHO HAOIIONATh,
€CIT CpeHee BpeMsl MEXIy MPBDKKaMH TONBMXKHBIX Ie(eKToB OynaerT Oonblle BpeMeHH XH3HU sapa B
BO30Y)K/ICHHOM COCTOSIHUM WM TIEpHOJa JIAPMOPOBCKOM MPELECCHU SIIEPHOTO CIUHA (B MPELECCHOHHBIX
JKcriepruMenTax). DddexTrBHOCTh TpuMeHenns: Metonuk CTB mis ucciemoBanust craamii omkura o-Fe
npuBezeHa B [2].
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